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ABSTRACT

A mathematical analysis of the logarithmically periodic dipole class
of frequency independent antennas, which takes into account the mutual
coupling between dipole elemeuts, is described. The input impedance,
directivity, and bandwidth, as well as the input current and voltage of the
several elements, are calculated. A new concept, the bandwidth of the
active region, is formulated and is used to relate the size and operating
bandwidth of the antenna. The limiting values o1 the various parameters
that describe the antenna are explored. The results from the mathematical
model are shown to be in good agreement with measurements., A step by step
procedure 1is presented which enables one to design a log-periodic dipole
antenna over 2 wide range of input impedance, bandwidth, directivity, and

antenna size,
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1. INTRODUCT'ION

The--object of this work is to provide a mathematical model of the
log-periodic dipole antenna which contains the essential features of the
practical antenna and which is amenable to solution. The need for such
a ‘model occurs for two reasons, First, the principles of I-g-periodic
antenna design have evolved from the interpretation of laboratory measure~
ments, without the benefit of mathematical analysis. A rigorous formulation
of these principles is clearly called for. Second, the task ol extending
the state of the design art of log-periodic antennas. is formidable if
carried out on a wholly experimental basis., Even an approximate analysis
is quite useful if it lends direction to an exp.rimental program. The
conclusions resulting from the solution.of the mathematical model proposed
herein are sufficiently general to lend insight into the operstion of
log-periodic dipole antennas, and- the results are applicable to the
design of LP dipole antennas which must meet given electrical specifications,

Throughout this work it becomes necessary to define as precisely as
possible certain concepts relating to wideband antgnnas, such as "broadband”,
"frequency independent”, "active region", and "end effect". Some of the
terms have been objects of disagreement over the past years, and while
the definitions herein.may not settle the issue, they can provide a
common ground of understanding for this wcrk. The terms "wideband" and
"broadband" have become so much- a .part cf ths congincoring vernacular
that they express only a notion and must be qualified each time they are
used. In the follewing paragraphs the term frequency independent" is used,

Strictly speaking, there are no frequency independent antennas, However, it




2
is proposed “hat a more liberal definition be adopted—one which applies
to a special class of antennas. By frequency independence as applied to
an antenna, it is meant that the observable characteristics of the antenna
such as the field pattern and input impedance vary negligibly over a band
of frequencies within the design limits of the antenna, and that this
bund may be made arbitrarily wide merely by properly extending the geometry
of the antenna structure, The ultimate band limits of u given design are
determined by non-electrical restrictions: size gov>rns the low frequency
limit, and precision of construction governs the high frequency limit,

The idea of frequency independent antennas is based upon the familiar
operation of scaling and the principle of similitudelé It is well known
that the performance of a lossless antenna remains unchanged 1f its dimensions
in terms =£ wavelength are held constant, Thus, if all dimensions of a
lossless anteina are decreased by a factor 7 < 1 , and the frequency is
increased by 1/T, the fi¢lds abour the two antennas are similar, that is,
they difter at most by a constant factor Consider a class of structures
which are made up-of an infinite number of interconnected *cells" such as
shown in Figure 1. Each cell is similar to its neighbor by a constant
scale factor T, Htructures of this class are called self-similar because
they possess the unique property of transforming into themselves under a
uniform expansion by T or an integral power of 7, If each cell represents
an electromagnetic apparatus, the performan.e of the structure remains the

same for all frequencies related by
f=foTp, p=0, +1, +2,-°" (D)

If the structure is a source or sink of electromagnetic waves, then each
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Figure 1,

An interconnection of scaled cells resulting in a self-similar
structure




4
cell may ccntain lumped or distributed genevators or loads. To preserve
similitude, a gemerator at frequency f_ in cell n must "scale" into a
generator at frequency Tfo in cell n 4+ 1. If it i1s undesirable to move
the gene;ators about, an excitation independent of scaling can be obtained
by placing a generator at the small end of the structure. Only the latter
method of excitation will be considered.

wuch self-similar structures exhibit what is call.d: log-periodic
performance, Although the patterns and input impedance may vary with
frequency, the variation must be periodic with the logarithm of frequency.
In order for the pattern and input impedance ‘to be independent of frequency,
the variation i .performance over the period, log T, must be negligible.

To be a practical antenna, the infinite structure must be truncated,
That is, the scdling must start with a given small cell ard must stop at
a given large cell. The requirement that the truncated structure must
duplicate the performance of the infinite structure places certain restric-
tions cn the nature of the cells in the aggregate. At a given frequency the
electrically small cells must behave as a transmis: ..a line, Truncation at
the small end is equivalent to the elimination of a section of line; the
net effect is a ;hift in the location of the generator, The electrically
large cells mlst be unexcited, so that their presence or absence makes
no difference in’ the electromagnetic performaance at the given frequency.
When this is .true, the fact that the structure has an end will not be
observable, and the "end effect" is said to be eliminated, The foregoing
restrictions on the small and large cells require that most of the energy

be radiated from a limited number of adjacent, "medium-sized" cells. These

.
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5
cells constitute the "active region'". Thus three régions may be associated
with the infinite, self-similar structure—the "transmission region"”, the
"active region", and the "unexcited region", The key problem, therefore,
is to determine which finite structures, if any, exhibit performance which
approaches that of the intinite structure over a design band,

'Letrthe steps be traced which led to the discovery of several types
of frequency independent antennas, leading up to the log-periodic dipole
antenna, Prior to 1954 much effort had been expended in attempts at
antenna broadbanding. These efforts, for the most part, applied the
couparatively advanced knowledge of broadband circuit theory to basically
narrow band antennas, Some notable examples_resultedz’a. However,
conventional antennas resisted efforts to extend the usable bandwidth
ratio beyond two or three to one,

In the fall of 1954 Rumsey broke the bandwidth barrier in antenna
theory ahd practice with his "angle method"4. He stated that if the shape
of an antenna were such that it could be specified entirely in terms of
angles it would exhibit constant input impedance and patterns independent
of frequency because no fixed length is involved in its description, The
infinite bi-conical and bi~fin structures shown in Figure 2 are frequency
1ndependent,5’6 but infinite structures are not practical antennas, If
one truncates these structures, the frequency independent behavior is
lost; the patterns vary with frequency. The variation with frequency is
a manifestation of the "end effect", that is, the effect of radiated

and/or reflected current at the digcontinuity introduced by the truncation.

Rumsey suggested that the log-spiral curve defined by r = exp(k¥) could
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Figure 2,
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be used to define another infinite structure in terms of angles only. He
also showed that the log-spiral family of surfaces are the only surfaces
for which an expansion is equivalent to a rotation, For a rotation about

the 0 = 0 axis this can be expressed symbolically as
r = £(6,0) =e%(0,¢0 4 ¢) (2)

The pattern of such a structure rotates with frequency about the € = 0
axis at a rate which depends on a. A balanced, -planar log~spiral antenna
is shown in Figure 3.

The log-spiral is an example of a self-similar siructure. One cel}
of the structure is given by the shaded portion of Figurc 3. The fact
that the expansion from one cell to another can also be accomplished by
a rotation sets the log-spiral spart from other self-similar structures
in which the expansion must be carried out in a fixed direction. In
contrast to the bi-~cones and bi-fins, the truncated log-spiral structure
is one antenna whose patteirn is the same as that of the infinite structure
for all wavelengths shorter than twice the length of the truncated spiral
arm, The absence of end effect is the result of a rapid diminution of
current slong the spiral arm., The radiation pattern of the planar log-
spiral is. bi-rirectional and centered about the @ = 0 axis. Over a wide
range of design parameters the pattern is rotationally symmetric and
circularly polarized. The sense of the circular volarization iz in the
negative ¢ direction for the log~spiral of Figure 3, The properties of
planar and conical log-spiral antennas have been carefully invsstigated:
and catalogued by Dyson7’8.

Ir 1956 DuHamel9 considered the possibility of perturbing the smooth

geometry of the bi-fin antenna in order to produce a rapid diminution of
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current on the structure. He first considered planar structures which,
12 extended to infinity, were self~complementary. This was in order to
assure a frequency independent input impedance. Figure 4 shows one such
structure which consists of a plurality of teeth and slots cut in a bi-fin
in such a manner that the widths of successive teeth and slots form a
geometric progression. This self-similar structure was called a log-
periodic antenna because its geometry repeats periodically with the
logarithm of the distance from the apex. The trur~ated structure exhibited
patterns and impedance which varied periodically with the logarithm of
frequency; and for a wide range of parameters the variation over a period
was negligible, yielding frequency independent operaéion. The teeth and
slots accomplished the necessary reduction of end effect., The radiation
pattern of the planar LP is characterizedbya bi~directiunal beam centered:
on the @ = 0 axis. The antenna is horizontally polarized when oriented
as shown in Figure 4. Thus the polarization of the planar LP is
orthogonal tc the polarization of the smooth bi-fin,

An attempt at providing a uni-directional pattern led to the non-

planar LP' .structures which Isbell10 investigated, The antenna shown in

Figure 5 exhibits a horizontally polarized uni-directional beam off the

tip end. Again, a lack of end effect is observed and the patterns are
frequency Independent over a range of the design parameters, In the

LPD antenna of Isbellil, shown in Figure €, dipole elements replace the
teeth of the non-planar LP and a constant .mpedance two-wire feeder
replaces the central bt-f;n section., One observes the'frequency independent

behavior of the LPD antenna over large ranges of the design parameters,




Figure 4. A planar log-periodic antenna
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Figure 5, A non-planar log~periodic antenna
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Table 1 summarizes the preceding discussion hy a classification of self-
similar structures, There are some finite struciures that exhibit only
log~periodic electrical characteristics and others that have log-periodic
geometry but neither frequency independent nor log-periodic performance,
Experience has shown that the latter category contains many members,

The log-periodic dipole antennu was selected for analysis because it
is made of .conventional linear dipole elements, a fact which allows one
to replace the tubular conductors with filamentary currents. In this work
electromagnetic field theory is used to calculate the self and mutual
impedances of the séveral dipole eclements from an assumption of a sinusoidal
form of current on each element, Circuit techniques are used to find the
voltage and current #t the terminals of each dipole element and the
antenna input impedance. Once the element current 1s known, fiecld
techniques are again used to calculate the radiation pattern.

The organization of this work is as follows: The preceding section was
an introduction to the idea of frequency independent antennas, In Section
2 the mathematical model of the LPD antenna is formulated using the self
and mutual impedances of the several dipole elements., The expressions
for input impedance, and voltage and current at the base of each element
are determined. The equacions for the radiated field and the phase center
are also set up, In Section 3 the computed an< measured results are
digplayed and analyzed. Criteria for "optimum" LPD antennas are established,
Section 4 presents design information, combining the computed and measure&
results in simple formulas and nomographs, Section & summarizes the work,
Appended 18 a section which considers the computation-of the equations of
Part 2, and a section devoted to the measurement techniques used In this

research,
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2, FORMULATION OF THE PROBLEM

2.1 Déscription of the Log-Periodic Dipole Antenna

The log-periodic dipole antenna, shown pictorially in Figure 7 and
described by Figure 8, consists of a plurality of parallel, linear dipoles
arranged side by side in a plane, The lengths of successive dipole elements
form a geometric progression with the common ratio 7 <1, T is called the
scale factor. A line through the ends of the dipole elements on one side of
the antenna subtends an angle a with the center lire of the antenna at the
virtual apex 0. The spacing factor O is defined as the ratio of the distance
between two adjacent elements to twice the length of the larger element, and

is a constant for a given antenna. The geometry of the antenna relates 0 to

T and .

0= %(1 - Tcot « (3)

The largest element is called element number 1, The half length of

element. n is denoted by hn Therefore,

h =hT . (4)

dn = le . (5)

Ifanisthe radius of element number n, the an’s are given by

a, 1 . )
The ratio of element height to radius is the same for all elements in a
given antenna and will be denoted by h/a.

The elements are energized from a balanced, constant impedancz feeder,
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A picture of a log-periodic dipole antenna
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Figure 8. A schematic of the log-periocdic dipole antenna, including
symbols used in its description
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adjacent alements being connected to the feeder in an alternating fashion.
Due to the alternating manner in which the elements are connected to the
feeder, one cell of tne LPD antenna consists of two adjacent dipoles and
two sections of feeder. Thus T as defined above is the square root of the
cell scaling factor. Ildezlly, the feeder should be conical or stepped,
to preserve the exact scaling from-one cell ta the next, -However, it has
been found in practice that two parallel cylinders can satisfactorily
replace the cones as long as the cylinder radius remains small compared

to the shortest wavelength of operation, The element feeder configuration

i1s shown in Figure 9. It is seen that the elements do not lie precisely

~

in’'a plane; the departure therefrom 1s equal! to the feeder spacing, which

is always small.

The antenna may be energized from a balanced twin line connected at
the junction of the feeder and the smallest element. Alternatively, a
coaxial line may be inserted through the back of one of the hollow feeder
conductors, The shield of the coax is connected to 1ts half of the feeder
at the front of the antenna, the central conductor of the coax is couanected
to the other side of the feeder as shown in Figure 9 In the latter method
the aniéenna becomes its own balun because the currents on the feeder at the
large'end of the antenna are negligible, as will be demonstrated later,
Due to the diminution of current at the large end, the impedance ZT which
terminates the feeder at that point is immaterial. For definiteness,
in most models ZT will be taken equal to the characteristic impedance Zo
of the feeder. The propagation constant of the feeder alone 19,30 and
may be different from the free space propagation constant B 1if dielectric

is used.
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When the antenna is operated at a wavelength within the design limits,
that is approximately

A
dhy < A < 4h) (N

where N is the total number of elements, a linearly polarized undirectional
beam is observed in the direction of the smaller elements, It is found that
for any frequency within the design band there are several -elements of
nearly half-wavelength dimensions, The current in these elemants is

large compared to the current on the remainder of t-e elements; these
elements contribute most of the radiation, and form the so-called "active
region", As ghe frequency is decreased from fn to Tfn, the active region
shifts from one group of elements to the next, In most cases the variation
in performance over a log-period is negligible and frequency independent
operation results. Since the LPD antenna is a truncated section of the
infinite structure, the performance of the antenna approaches that of the
infinite structure only to the extent that a properly constituted active
region exists on the antenna., The active region becomes deformed as it
begins to include the smallest or largest element on the antenna. When

-this happens, the upper or lower frequency limit is reached, and it is this

phenomenon which detarmines the useful bandwidth of the antenna.

2.2 Separation of the Problem into Two Parts

The problem may ‘be divided into two parts for the purpose of simplifying
the analysis. Finding the voltages and currents 2long tho foador constitutes
the interior part of the problem, and finding the field of the dipole

elements constitutes the exterior part of the problenm,
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Since the feeder has transverse dimensions which are small compared
to wavelength, its principal function is to guide and distribute the energy
to the radiating elements, There is negligible inductive and capacitive
coupling from the feeder to the shunting: nloments because the fields due
to the currents and charges on the fgeder are very small at the location
of each dipole element,

In the exterior problem; the magnitude and phase of the far field
radiation produced by the currents on the elryusnts. are of primary interest,
The B- and H-plane beamwidths, directivity, front to back ratio, and side
lobe level can be determined from the radiation pattern. The phase center
can be determined from the phase of the far field.

2.2.1 The Interior Problem

Insofar as the interior problem is concerned, the connection of the
dipole elements to the feeder is equivalent to the parallel connection of
two N terminal-palr circuits., One circuit consists of the feeder with
alternating, properly spaced taps which represent the terminals to which
the elements are eventually attached. The feeder circuit is shown schematically
in Figure 10b, and includes the arbitrary terminating impedance ZTf The
other circuit, shown schematically in Figure 10a, represents the bshavior
of the dipole. elements as viewed from their input terminals,

Let ?f be the admittance matrix of the feeder circuit. Then

I, =Y.V (8)

where IF and VF are column matrices which represew?{ the I driving currents and

-
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ing Iy A2 L_l’l‘é ?l‘;i!’ ANTH
VAl Va2 a3 "'AN

6. ELEMENT CIRCUIT
LN
R
I \
B/  Jwt) J
"-"dl —He—Op b — - -
b. FEEDER  CIRCUIT
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Figure 1/. Schematic circuits for the LPD interior problem
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response voltages of the feeder circuit. Let ?A be the admittance matrix

of the element circuit. Then

IA = YAVA (9)

where Tkkand VA are columz mctrices which represent the driving currents

and response voltages of the element .circuit, If the corresponding terminals
of the feeder and element circuits are cownected in parallel, a new circuit
is obtained as shown in Figure 10c. The new resnonse voltage matrix is

equal to either GA or Vf since they are equivalent, The naw driving

A
at a node. If Equations (8) and (9) are added,

current matrix is now the sum of I, and Tf due to cou.zrvation of current

F=1, +Ip=Y,V, + YFVF . (10)
V. is sst equal to V, and factored,
I=(Y, + YF)VA . (11)

1,

Therefore

the base current at the dipole element terminals, is of primary interest.

At YR %I, (12

where Z, = ?-1. Multiplying Z.

A A A ixnside the parenthesis results in

1
1
!

I=(U+ YFZA)IA (13)

where U is the unit matrix,
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The elements of 1 represent the input currents at the terminals of the
new circuit of Figure 10c In the actual LP antenna all 1n's are zero

except 1 the current at the feed point, which is the driving current of

N’

the antenna., The driving current may be set equal to one ampere, Therefore,

oS © ©

1= (14)

Equation (1@ must be solved for YA‘ This can be done by inverting the

matrix T,

Z, (15)

-]
1]
=]
"~
o]

and multiplying

I, =71, (16)

or by solving directly the set of simultaneous Equations (13)‘ The latter
method is prefernble in terms of computation time and accuracy due to the
special form of 1.

Once -fA is determined, VA can be found by multiplying

N

T,. (17)

VA= JAA

Note that VF (= VA) is not the voltage between the two feeder members at

]
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each element, but differs therefrom by a phase change of 180° at every
other element. The Nth element of Vk is the voltage across the smallest
dipole; it is also the input impedance of the entire antenna since one-
ampere of driving current was assumed.

The interior problem has been formuiaied and its solution -indicated.
It remains to determine explicity the feeder admittance matrix and the

element im,.edance matrix.

2,2,1,1 The Feeder Admittance Matrix

The admittance matrix for one section of transmission line of length d,

propagation constant Bo, and characteristic admittance Yo is

- L
3 Yo cot Bod + 3 Yo csc Bod

!
It

+ 3 Yo csc Bod -J Yo cot Bod

Connecting N-1 of these sections according to the scheme shown in Figure

results in the following matrix,

Y. =

r =
- B - v
'(YT JYO cot Bod}) JYO csc Bod1 0 0
-on csc Bod1 —JYo(cot~Bbdl -JYO cse Bod2 e O
4+ cot Bodz)
0 -jYO csc Bodz' -jso(cot Bod2 s O
+ cot B°d3)
| © 0 0 oo =JY_ cot B dy .

(18)

10

219)
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YT’ the terminating admittance, has been added in i1 All the elemeints off
the diagonal by two or more are zero because yiJ is the current in terminal
i due to a unit voltage at j, all terminal pairs other than j being shorted.
The short circuit restricts current flow to sections of line adjacent to
the terminals to which the voltage is applied; hence no voltage is induced
in the remaining sections.

2.2.1.2 The Element Impedance Matrix

The self anu mutual impedances qi the dipole elements are calculated-
using the method of lnduced-emflq The following approximations are made
in this method:

1. A symmetric sinusoidal current distribution is assumed over the
length of each dipole. This assumption is valid as long as the dipole ig

’ reagonably less than a full wavelength long, the accuracy being greatest
for halt-wave and shorter dipoles. Accuracy can be ensured by not using
frequencies at which any of the dipole elements are exactlya full wavelength long.

2, In the calculation of mutual fmpedances the elements are assumed
to be infinitesimally thin. This means that the current at & cross-section
of the actual dipole has been replaced by an average surrent concentrated
at the center of the cross-section.

3. The mutual term involves only the two dipuvie eieuents considered;
i,e., the effects of intervening elements are naglected, This assumption
is actually implicit in 2 above, In the limiting case of zero element
thickness, the current in the first dipole induces a voltage across the
texminals of the second, but no current along it since the iwductance per
unit length of an infinitesimally thin dipole is infinite. Since there is

no induced current, there is no reaction on any other dipole, and t.ierefore
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no secondary action on the second dipole.

4, The self impedances are calculated from the same formula as the

" mutuals. The thickness of the dipole is important in the determination of

the self reactance. This is taken into account by approximating the self-
impedance of a dipole of radius a by the mutual impedance of twe identical,
infinitesimally thin dipoles spaced a distahce V2a apart,

The problem on hand is illustrated in Figure 11, where h1 and h2 are
the half-lengths of dipoles 1 and 2, d is their separation, = is the

coordinate of a typical element de, anu ros Ty aid r_, are distances: from

2
fixed points on one dipole to a typical element on the other, The rutual

impedance between the two antennas of Figure 11 is definad by

21 = T(0) (20)

waere v21 is the open circuit voltage at the terminals of -antenna 2 due to
a base current 11(0) at antenna 1, The induced emf at the open terminais

of antenna 2 may be found by the application of the reciprocity theorem.

Ahz

1
ent = -V, = 455 J E, I,(x)dz (21)
_hz

where Ezl is the z component of electric field intensity at the location of
antenna 2 due to the current cn antenia 1, specified by I, (0), when 2 is

removed, The current distribution on antenna 2 is assumed to be sinusoidal
and is given by

Iz(z) =1

2 max Si0 B(hy, - [z]) (22)
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The expressior for the parallel component of electric field due to a

-

g sinusoidal current distribution in antenna 1 is given by

i . -jBr -3Br 2j cos Bh ¢~98r,
- B,=301 o legS—dge _ 2 T - 1 , (23)
- 7r1 ‘ r2' [o] :
!
- Inserting (22) and (23) into (21) gives the mutual impedance referred
I: to the base of the artenna,
I1 max I2 max 7h2 | é~JBr1 ‘e JBrz
I' le e 221 = =30 W J' sin B(hz \rlzl) ~J T -3 ‘2
- 1 2 1 .
~h .

- 2

(24).
i 2J cos Bhle JBro
~ + r } ‘
I ° ke
o From Figure 11,

-2
‘ r, = «d * (hi - z)= (25)
- 2 -
f r, = “d + (hl + z)2 .

{
: Under the assumption of sinusoidal currents the maximum currents are

related to the base currents by

11(0)

'Il méix sin Bhl

a

¥

'
~
N

6)

[y
H

12(0) = 12 max SiP th .

Therefore (24) can be rewritten as

e it
M
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30
hy L-je Iy jo738%,
Z. = =30 csc Bh, csc Bh sin B(h,_ -~ lzi) I' -
12 1 2 2 r r
L 1 2
2 27
23 cos Bhle“jsro
e,
o

Integration of (27) yields an expression for the mutual impedance in

terms of cosine integral and sine integral functions,

L ]
60 ! : Ty
212 = 5o RERTTT e [K(uo)—x(ul)-—x(uz)] + e [K(vo)-x(vl)-x(vz)]
‘2 / -;jw2
+ e [K(uo)-K(uI)-K(v«z)] + e [K(v;)—l((vl)-l((uz)'] (28)

T
+ 2K(wo)(cos W, + cos wz]}

The * denotes- the complex conjugate of the expression in the braces.

* Here

K(x) = Ci (x) + J 81 (x), (29)

where Ci (x) and Si (x) are the cosine integral and sine integral functions

of the real argument x} for definitions. see Appendix A. Also

R 3
u°=B[ d T(hl+h2), -(131+h2)}

-

-

. 2 2 v
v =8| Vd +(h1+h2) -+(h1+,h2)]

u =8 &/dz+(h1-h2)2-(hl-h»2)]

3
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v; =8 [ th + (hy - h2)2 + (hy - b))

=

"
w
~
2

[ ]

+
=

]
k=2

(30)

<

it
w
—
+
>
+
=2

w, = B(h + h2)
w, = B(h1 - hz)

Wozad

where B is- the free space propagation constant, d is the separation of the

two dipoles, and hl’ and h_ are the half-lengths of dipoles one and two,

2

-regpectively.

The self impedance of a dipole antenna can be calculated - in a manner
similar to that employed in the calculation of mutual impedance., The
self reactance of an antenna depends on the -induction and electrostsztic
fields close to the antenna, which in turn depend on the details of the
antenna geometry., Figure 12 is pertinent to this digcussion. The current
which is uniformly distributed around the circumference of the cylinder
is assumed to be concentrated at the center. Then the "average" distance

S from a point on the cylinder P to a point on a typical ring Q is some~-
13

what greater than the distance S’ from P to the center of the ring O
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the calculation of self impedances
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(31)

S = $/2a"(1 ~-cos O + z2

]

Facter the expression for S,

2
S = 12a2+22 . J-;%E_f cos @ (32)
a” + z

For thin antennas 2a9(2a2 + zz)is small for z > a and may be neglected if

z >> a. When z a2 a, the current and the field whick it produces are in

A

phass, Since the reactance depends-on the out of phase components, the

contribution to the self reactance is small., Hence the approximate expression

for S is given by
Sz Y2a? 4 2% (33)

of Equation 25 are replaced by

S = 42a2+22 »

(o]

for all z. 1If Tos Ty and r,

\lzaz + (h - 2)? s (34)

(2]
i

and

S

V2a2 + (h1 + 'z$2

respectively, it will be found that the final expression for the self
impedance of a thin dipole antenna is then given by Eduation'(ze)with h1
and h, set equal to the half length of the dipole and d“replaced by Y Za.

2.2.2 The Exterior Problem

Once the element base currents -I'A are known from the solution of the

interior problem, the far field components can be calculated. The coordinate




-

et e

S VAP

hi ol o

34
sylpem of Flgure 13 is used in this section, The antenna is oriented
with the .dipole elements parallel to the z direction, and the tip of the
antenna points in the positive x direction. “he z component of vector
potential due only to currents on the dipole elements is first determined,
The far-field spherical components are then found by a simple transformation,
The vector potential A at a distant point P(r, ©, ¢ due to a current

distribution of density J (x, y, z) is given by

- - -3B[r - =/ (F . £
A= Z_"fff T, yl, ) 2 dx’dy’ de’. (3%)

r

‘Here the integration is performed throughout the volumeé density of the

source J (derioted by the primed coordinates). =r and-x/ are distances

from the origin to the observation point P and to the point of integration
respectively,\whilev? and *’ are the corresponding unit vectors, For the

nth dipole oriented-as in Figure 13,

=212 8 (x-x)5, (36)

.Where 1n(z) is the filamentary current distribution along dipole number

n, 8 is the Dirac delta function, and Z is the unit vector in the z direction.

‘Substituting (36) into (35) and using

r-r'(F . f) =r+|x]sin 6 cos ¥ -2’ cos 6, ‘ (37)

one finds

A =G % 6,9, (38)
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where
ey o
and . hn -,
t (6,0 = £ '( in(z’)e+‘ja( x sin 8 cos ¥+ 2% cos 0) 4
) -h (40)

n

The principal far field components Eg (9 = g-. O -~ad Eg (8,9 =0, ) are

related to fz by

’N *
Ee<0=-%=PH(%=JBncofz(6= ;D (41)

nin

and

By (6, 9=0, m = P(®) = jBNG_sin O£ (8, ¥=0, m (42)

Fere PK and-.PB denote the principal H~plane and E-plane patterns, respectively.
In the E-plane pattern ¢ tukes on the values 0 or v depending on whether
the x coordinate of the point of observation is positive or negative, The

magnitude of the far field components are then given by

h
N 3B x_cos ¢ n et
lpH(%l“’ i © n 1,(z")dz’| (43)
~h
n
and
hn ,
N 4 @ : —
'IPE(O,%l ~ |sin 0 %, e*38 x, sin 6 cos ¢ J 1n(z’)e‘j'sz cos 8 .,
-hy (44)

The distribution of .current 1:n(z) is assumed to -be sinusoidal and s

related to the element base current 1An by

1, sin B(n_~|z])
f _ An n ,
in(z) - sin Bhn (45
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Performing the integration and simplifying yields
N 41, (1 -cosBh) +jB x_ cos ¢
An n n
'Pﬂ(qbl n§1 sin Bhr e ’ (46)
and
N 14, [cos (cos Bh_ cos ©) - cos Bh_]
(2] ~ An n- .. n
| Pe¢ ’¢’| sin 0 sin Bh_
(47)

+jB X, sin O cos ¢
e .

Thus the relative magnitude of the far field can::ke calculated given the
element base curreats,

The relative phase in the principal planes of the far field is givén
by the phase of the complex field components PH exp (~jBr) and Py exp (~JBr).
The phase which is a function of the polar angles, is used to determine
the phase center of a log-periodic dipole antenna, as explained in Section

3.5.2.2,

2.3 Use of the Digital Computer in Solving the Mathematical Model

Because of the large amount of routine computations involved in extracting
numerical results from the foregoing analytical expressions, the use of
a digital computer became a necessity, By programming the computer to
solve the whole problem, start’ng from the physical dimensions of the
antenna, the mathematical model was given at least as much flexibility

for experimentation as the corresponding laboratory model, In this way

the computer became the electrical analog of the laboratory technician, .




To the computer the nertinent design parameters were specified, along
with the testing frequencies, The antenna was then modeled and tested
by the computer, and the results were displayed. These results are the
principal fur field radiation patterns, the far Zield phase, the voltage
and current at the terminals of each dipole element, and the input ;mpedanqe.
To this end the above formulas were programed in complex number
arithmetic for use of the ILLIAC, a high speed digital computer operated
by the University of Illinols Graduate College, Bect'se of the large amount
od intermediate results vhich must be stored in the fast access electrostatic
memory (capacity 1024 forty bit words), the program was split into six
different parts, each stored on the slow access magnetic drum (capacity
16,384 forty bit words)., They are:
1., Input: The descriptive parameters of the antenna are read into ILLIAC,
2, Computation of EA
3. Computation of ?F
4, Xatrix multiplications of Y, Z, and solutionof I =T 1,.

F A A
5. Output I,, multiply EA TA = V. and output V,.

A A A

6. Pattern calculation and scope display of patterns.
A control -program calls each. section into play as needed.

The input and basic output of the computer is by perforated paper tape
which is translated by a teletypewriter., The patterns are calculated
point by point -and are plotted by the ILLJAC >n a scope- to which is attached
an automatic 35 mm camera which is controlled by the computer. The camera
takes a picture of the completed pattegn, then advances the film into
position far a new exposure, Some of the computational problems are considered
in Appendix-A, however, the details of the programing are not of general

Jdinterest and are omitted,
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3. RESULTS AND ANALYSIS

¥n this section the results of the computer solution of 104 different .PD
models are presented and analyzed, In any 'analysis which is made amenatle
by the use of approximating techniques, justification must be given for each
approximation, and appeal is usually made to experimental methods. Therefore
this section compares the computed results with measurements of several labora-
tory models. The presentation of this section is divided into five varts,
each part being concerned with one of the aspects..of the operation of a log-
periodic frequency independent antgnna. They are:

1., The transmission region

2., The active region

3. The unexcited region

4, The input impedance

5. The far field radiation
It will be shown how each of these properties relate to the general ideas
about frequency independent antennas as outlined in Section 1, and how each
is controlled by the several LPD antenna parameters.

3.1 The Transmission Region

The transmission region consists of all dipole elements which are renloﬂnbly
less than a half-wavelength long at a given frequency, and the portion of foeder
to which these elements are attached. It is not necessary to define precisely
the extent of the transmission region, since it 1s uot the size of the region
but the sffects it produces which are of primary interest,

The mechanism of the transfer of energy from the feed point to the radiated
wave leads one to consider two fields along the axis of the structure, Oné

field originates at the feed point and propagates along the feeder in the
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direction of the larger elements, It is called the trausmission field and
will be dincussed in this section, The other field originates in the vicinity
of the half{~wavelength dipcle and propagates in the direction of lmnllpr
elements, manifesting itself in the radiated field. It will -be discussed
in Section 3.2, BElectric field lines of the transmission field and of the
radiated field are sketched in Figure 14, The fact that these two fields are
perpendicular along the axis of a structure with this porticular feedgg-elom?nt
configuration allows one to mesasure the transmissio field along the axis
by the use of a properly oriented probe antenna,

As energy is launched from the feetd point onto the small element end
of th antenna, a TEM. type wave 1s set up, sgpported‘by-the feéder and the
small elements which load the feeder, This transmission line mode ‘is evidefced
by the electric field between the feeder conductors. The matrix V} gives: the
voltage across the base of each dipole element., By convention, this vqltage
is considered positive at the upper terminal of each element in Figure 9,
The transmission line voltage is positive at the feeder conductor to the
right in Figure 9, Due to the alternating manner in which the elements are
connected to the feeder, the phase of the bazse voltage must be changed by
180o at every other element to find the correct phase of the transmission
line voltage.

3.1.1. Computed and Measured Results

A graph of the computed and measured t~ansmission line voltage is shown
in Pigure -15. The data was recorded at frequency £3 as a function of wave-
Jlengths from: the apex. (f3 is the frequency for which element three is a.
half-wavelength long,) The calculated voltage at the locat<on of each element

is also piotted. This 13 élement antenna has ‘the following p«rameters:
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FEEDER FIELD

RADIATION FIELD

Figure 14. ‘Sketches of the transmission anc¢ radiation £ipid lines
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T =0,95 0= 0.0364, a = 12.50, h/a = 177, aﬁd,ZO 100 ohms, The voltage

is eszentially constant from the feed point at x/\ = 0,675 to the beginaing

of the active region at x/\ = 1.00. This indicates that the transmission

wave propagates with little reflection or attenuation. Since the small elements
are closely spaced and fed out of phase, their contribution to the radiated
field ia negligible, and they act as small shunt capacitors. For x/\ > 1.00,
the feeder voltage decreases rapidly, due to the coupling of energy into the
eléments of nearly half wavelength dimensions in “he active region: :Figures

16, 17, 18 and 19 are for frequencies f :and £, respectively,

3 174 T3 172 %3 3/4 4
on the same:model. The shape of these curves is the same, since tlie distance
from the apex is normalized with respect -to wavelength. The feeder on .this

model was. terminated in a short circuiz at a constant distance h1/2 from the

lacgest element, That the shape-of the curves did not change-with frequency,

-even though a frequenty sensitive termination was used, shows the lack of end

-effect on this antenna. BEnd effects will be discussed in Section 3.3.

The. phase of the feeder voltage is plotted in Figures 15, 16, 17, 18 and
19, The phase is essentially linear up to x/) = 1,00. This also suggests
that the transmission wave propagates away from the feed point with negligible
reflection. The computed input standing wave ratio for this antenna was 1.15:1
with respect to Gé ohms and the measured value was L17. The low VSWR is also
indicative of a small reflected wave, For the case of low VSWR, the slope
of the curve of phase versus .distance is inversely .proportional to the
relative velocity of propagation of the transmission wave, %£ . Vt is -the
phase velocity of the transmission wave and ¢ is the velocity of light in

v
free space. For this antenna EE = 0,63,
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In Section 3,1,2 an approximate formula for the constants of an equivalent

line in the transmission region is derived. The graph of Figure 20, based
on the approximate formula, shows that the transmission wave phase velocity
depends primarily on the relative spacing O, For small spacing the loading
effect of the elements is appreciable; relative phase velocities less than

0.Cc have been observed. Since ve is less than ¢, the wavelength of the

transmission wave Xt is less than the free space value, ht rather than A
must be .used if one is to compute the electrical leng*h of any part of
the tdansmission region,

ﬁear field meagurements made on a second model are shown in Figure 21,

. i .
“Yor this 8 element antenna T = 0.888, O = 0,089, & = 17.5°, h/a = 125, and

~z° = iOO ohms. The graphs of the magnitude and phase are generally the

same as for the previous model. However, the linear portion of the -phase
curve:is smallor, because less glements were used. A phase velocity of
0.75c’is given by the ‘slope of the left-most linear portion of the éurve.

The measured values of phase velocity are plotted on the graph of Figure 20.
The slow wave in the transmission field was observed in every computed

model, The range of parameters of the computed models was‘0.7f§‘75;0.98 and
0.03< 0<0.23.

Measurements on a different type of LP antenna have boen made by Bell,
Rlfving, and !'ranksl4 at Sylvania Electronic D2fense Laboratories. Their '
results also demonstrate the slow wave nature of the transmission field,

SeJ;rul,couputgtiéns were made to determine the effect of changing
the phasé velocity of the unloaded feeder, to simulate the use of a

dielectric -material in the feeder configuration. Figure 22 shows that the

relative velocity of the transmission wave decreases as the relative
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velocity along thn unloaded feeder devreases, The range of feeder velccity
éhown corresponds to a reiative dielectric constant 1 < €r < 2,78. The
iPD performs satisfactorily under these conditions; the only noticable
éhange in the conmputed models ws an increase in the input impedance and a
ghift of the active region towards, the shorter elements, /Thess effects
are the same as those resulting from an increase in the characteristic
inpedunce of the feeder, (See Sections 3.4.3 and 3.5.1.2). The
feasibility of using a dielectric in the antenna -tructure was shown in
a model that was constructed from double copper-clad Rexolito using printed

dircuit techniques., It exhibited uniform directivity over the design band.

This antenna is discussed in Section 5.2,

.
'

A discussion of the effects of changing the characteristic impedance
of the feeder and the h/a ratio will be taken up in Section 3,4, because
these factors can be .ed to control the input impedance.

3.1.2 An Approximate Formula for the Constants of an Equivalent Line
in the Transmission Region,

»

.

R The transmission region displays some of the characteristics of a
uniform transmission line., The small, -non-radiating elements load the
ieeder to produce the slow wave., Furthermore, this loading appears to be
uniform because the magnitude of the voltage is constant and the phase

is linear throughout tiie transmission.region. This uniform loading is

due to the shunting capacitance -of each element, To the first approximation,
- ‘the;capacitance of a small dipole is proportional to its length, and on

an LPD, the spacing dJ at element j is also proportional to the length

of element j, thus, the added capacitance per unit lengtb is constant,

Consider the approximate formula for the iwput impedance of’ a small dipole

P ———
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antenna of half-length h,

Z =~ Jz, cot 8h, (48)

where B is the free space propagation constant, Za is called the average

characteristic impedance of a dipole antenna,

z, = 120 (1n h/a - 2,25) (49)

Thiz 15 a modification of a formuia in Jordan*® ich was derived by Siegel

16

and Labus®”, The original formula for Za contains a term which depends

on the-height of the dipole relative to wavelength; the factor 2,25 in

. Bquation (49 represents an average height, Replacing the cotangent function

in Equation(48).hy its small argument approximation, the capacitance of the

nth dipole is given by

C == {50)

where ¢ is the velocity of light invacuum, Using the mean Spacing at dipole n

d
n
dyean = Vdndh-/l = v_;‘ ’ (51)
the capacitance per unit length is given by
cn hn T
= = 2
AC = Toeth “od Z (52)
na
But hn/dn is yrelated to the spacing factor U by
d
1 'n
O == =
ah (53)

=
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hence
C F
| A€ =307z (54
! The characteristic impedance of the unloaded feeder 18 given by
’ Lo
Z,. = -
o Co (33)

and i;he characteristic impedance of the equivalent line is given by

=

,' L
N R = __Q-__. (56)
. [+] Co + AC

’;1 Using Loco = 1/c and substituting, one finds

+

; : R =2/ Vm (57)
o o .

: where

. A pad

. o VT

i - =14+ T i (58)

-
-]

Similarly, the propagation constant for the equivalent line is given by

y-

8, =8 ym. (59)
The relative phases velocity of the transmission wave is given by

v
8 1
-c———Bt— 7‘;-. (60)

The graph of Pi»gur_ezfzo was plotted according to Equation(60). In Section 3.4,

Bquation 67)is used to. approximate the input impedance of the LPD,

In summary, all the available data suggests' that the region which -contains

electrically small elements-acts as 2 unifov~ transmission line which is
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matched to the active region, This is why the front end of an IPD can-be
truncated- without adverse effects on the frequency independent character-
istics,

3.2 The Active Region

The active region in the LPD antenna consigts of several dipole elements

whose lengths border on a half~wavelength at a given fraquency, and the

‘portion of feeder to which these elements are attached. Jt is this part ol

N p
1

tbe iantenna which determines the characteristics of the radiated field, This
section presents calculated and measured results wh:ch show how the power

in- the feeder wave is divided among the radiating elements, A useful concept,
the bandwidth of the active region, is formulated and its functicnal dependence
on the several LPD parameters is given,

3.2.1 Element Base Current in the Active Region

The dipole elements in the active region transfer the power from

poge——

the transmission wave to the radiated field, Figure 23 shows the base

[,

impedances of the dipole elements in %u 8-element LPD operating at 14.

Base impetance :here means the ratio of voltage to cuarrent at the base

of euach element, when the antenna is fed 1n the usual manner. The base
impedances of elements 4 and § are predominately real, so conditiong are
favorable for the coupling of energy from the feeder onto the radiating
eiements in the active region. The small elements 6, 7, and 8 are capacitive
and therefore loosely coupled fo the feeder, The large elexrznts 1, 2, and 3 g
are inductive and also lcosely coupled, The base impedance of all computed

models in the range 0.8 <'7 < 0.98 and 0.03 < U < 0.23 behaved in a .
similor manner, For T < 0.8, the base impedance of only one antenna

element was predominately real at any given frequency; for these models the

performance was not frequency independent.
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Figure 24 is a graph of the relative amplitude of element base current
as a function of x/A, which is the normelized distance from the apex of the
antenna, The location of each element is indicated in the f;gure, The
lines which connect the values of current at the discrete location of each
element are for clarity of presentation only. A loop-probe technique was
used to measure ﬁhe base current, as explained in Appendix B. The element
base currents in the active region rise to a peak in the element which is
somewhat shorter than a half-wavelength, As freyuency is-changed, thé shape
of this curve remains unchanged as shown fn Figures 35, 26, 27 and 28, Tha
is, the active region moves along the antenna as frequency is changed, but its
distance in wavelengths from the apex remains constant. Figure 29 shows the
computad magnitude of the base currents in the active region of an eight
element antenna at frequéncies related by 7, These curves are identical
except for fl and f6' At these frequencies the active region ‘becomes
deformed as it begins to include the largest or zmallest element on the
antenna. When this happens, the lower or upper frequency limit is reached.

The phase of the current from element to element in the active region
is also plotted in Figures 24 through 28, This is the phase which has to be
considered  when computing the radiation pattern., Since ‘the phase can be determined
only within a multiple of 27, many phase -velocities are compatible with a
given phase progression. In Figures 24 through 28, the slope of the phase
curve in the active region was chosen to yield the largest phasg velocity
compatible with the given phase progression, This phase velocity is approximately.
equivalent to that »f the first backward space harmonic of a periodic structure
made up of cells identical to the central ce}l of the active region, Mayes,

Deschamps and Patton17 have explained the operation of unidirectional




e e & o m mma e wr R T

BASE CURRENT

AMPLITUDE DB.

PHASE DEGREES

&8

-+180

+90

-90

~i80

A MEASURED

POSITION OF ELEMENTS{{

lfl]‘nlljll'-’il Lt

COMPUTED O

L1

070 0,80 0.90 1.00 110

DISTANCE FHOM APEX-%

.20

1,30

Figure 24. Computed and measured amplitude and phase of the -lement
base current vs, relative distance from the apex, at

2,

r = short ¢ircuit at h1/2.

frequency f_; T = 0.95, 0 = 0.0564, Zo = 109, h/a = 177,




s B e T s T e B o T o R e

*»
) 1"

[

.’-,' ',.A n11

.
P atapazh JOA
@ - *

e

y 1

¥
13

U RSN

p———
b

BASE CURRENT

59

=10

AMPLITUDE DB.

=I5

=20
+180

490

PHASE DEGREES

-180

A MEASURED  COMPUTED O
'\'2 POSITION OF ELEMENTS<
T | bn | I T N ]

0.70 0.80 0.0 1.00 L10 1.20

DISTANCE FROM APsx—i-

Figure 25, Computed and measured amplitude and phase of the element base current

vs, relative distance from the apex, at frequency ¢

.30

/47 T =0,95,

0 = 0.0564, %, =100, h/a = 177, Zy = short eircuit”at h,/2.




60

AMPLITUDE DB.

-20
+180

SASE CURRENT

+90

[«

PHASE DEGRRES
[
[ d
Q

-180

12
|

L4

A MEASURED

I 1

]

COMPUTED O
POSITION OF :LEMENT.Z
L

|

070

Figure 26. Cgmputed and measured amplitude and phase of the element base current
v$. relative distance from the apex, at frequency £
¢ =-0,0564, Zo = 100, b/a = 177, 2

020

e e W Fe e e m

0.20

1,00

1.10

.20

DISTANCE ‘FROM APEX%

3

= short circuit’a

%4

/2.




e SR
2

AMPLITUDE DB.

s SR s |

[
z
w
‘ g -20
v 3 +80
(; s
7]
<
m:
"j +90-
‘ ph
} “ w
@
,okd 8
a
i w
if' 2 -90
’ x
a

L
$

A MEASURED  €o%rUTED O
POSITION OF ELEMENTslﬂ
|

| I T R Y 7. L I |
’ 0.90 1.00 110 1,20 1.30

1
.
.

LP™;
o
~3
)
o
a
o

DISTANCE FROM APEX 'XT

Pigure 27, Computed and measured amplitude and phase of the-element base current

vs, relative distance from the apex, at frequency !3 / ; T=0,95,
0 = 0,0564, z, = 100, h/a = 177, Zp = short circuit’a® 31/2.

= B =




”

o s A, e

AMPLITUDE DB.

BASE CURRENT

PHASE DEGREES

-10

=15

=20

+180

+90

~-180.

62

A MEASURED COMPUTED O
POSITION OF ELEMENTS

A (\' :

i f b bbb N | - |

010  0.80 0.90. 1.00 1.10 .50 1.30

DISTANCGE. FROM -APEX -§

Pigure 28. Computed and measured amplitude and phase of the element base current

v#, relative distance from the apex, at frequency £,; 7 = 0.95,

0 = 0,0564, zo = 100, h/a = 177, zT = short circuit’at h1/2.

i ’ _.mz. m‘ ; L ]

e lanted  bews 0 S o) beerd




-

S AT ki ke SN

I

e St B e B et e S e IR A BN o R S R e R

$

el
1

3

ittt B S SR

b

Fene st
A

63

RELATIVE BASE CURRENT AMPLITUDE

ELEMENT NUMBER

Figure .29. Relative-amplitude of base current in the active region vs. element
number, frequencies f. thru f_,, T = 0.888, 7 =0,089, N « 8,

2, = 100, b/a = 125, 3, = shoft at b /2.
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frpquency independent antennas in terms of backward wave radiation,

E The computed phase velocity of the first backward space harmonic as
a ;unction of U is shown in Figure 30 for several values of T, These
curves represent average values taken over several frequencies. As the

sching increases, the phase velocity increases. For low values of T

tht. relative phase velocity increases rapidly with increasing O, indicating

the possibility of radiation broadside to the antenna. Several models
1

haye exhibited broadside radiation patterns; these ar discussed in Section 3.5,

1
! The mutual impedance of the elements in the active region plays a

fupdamental role in determining the amplitude and phase of the element
currents. To.find if any of the mutual terms in the element impeédance
matrix could be nefflected, several tests were made in which the range of
the mutual coupling was changed. If ziJ is the mutual impedance between
element i and element j, the rdnge is given by the number '1-3]. Thus
range 0 ﬁeans all mutual terms are zero, range 1 means all mutual terms

excepting thnse for adjacent elements are zero, etc, Limiting the mutual

effect to range 2 causes distortion of the computed patterns., The average

dnput impedance level remains about the same, but the input standing wave

ratio increases from its actual value for full range coupling., This means
that one must take into account inveraction at range 3 or greater to
determine the relative excitation of each element,

3.2.2 Width and Location of the Active ‘Region

For a given antenna, the usable bandwidth for frequency independent

operation depéﬁﬁs on the relative distance the active region can move before

it hecomes distorted by the smallest or largest element., This the width of
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T=0,875

RELATIVE PHASE VELOCITY IN THE ACTIVE REGION v/c
DIRECTED TCWARD THE APEX

0.6
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0 1 1 1 b1 [ ] 1
0.04 0.06 :008 010 012 0.4 0I8 0.8 0.20 0.22 0.24

RELATIVE SPACING O

Figure 30, Computed rolative phase velocity of the first backward space

harmonic in the active region vs, O for several values of T
Zo = 100-and h/a = 177,
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the active region, if properly defined, can be used to measure the band-
width capebility of a given antenna, Furthermore, the knowledge of the
width of the active region is prerequisite to the design of an antenna
to cover a given bandwidth., The lower cut-off frequency of a given antenna
is determined by the length of the longest element. Conversely, if the
lover cut-off frequency is given, the relative length of the longest required
element in the active region must be known to fix the length of the
longest element on the antenna,

If the active region was very narrow, the operating bandwidth of the
antenna would be given substantially by the ratio of the length of the
largest to smallest element. This ratio will be called the structure
bandwidth, B_.

2
Co_ 1 1N
Bs = r; =T {61)

Since the active region has some width, it is apparent that the operating
bandwidth B is always less than B8 by a factor which can be called the

bandwidth of the active region, Bar‘ Thus

B = Bs/Bar. (62)

Placing numerical values on B and Bar is complicated by the fact that the
width of the active region is not easily quantified. This is bicause the

observable characteristics of an LPD, such as the pattern and input impedance,

do not change abruptly from the values which characterize frequency independent

operation to: values which are unquestionably outside the range of operation,
Actually, the characteristics change slowly, and only by appiying a tolerance
to the pottern, or input impedance, can a figure be chosen which represents

the operating bandwidth of an LFD.
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It was impractical to hunt for the limits of operation of all the
computed models; this would have involved testing each model at many closely
spaced frequencies, Instead, empirical values of the bandwidth and location
of the active region were determined in the following manner,

Figure 31 is a sketch of a typical curve of base current versus-distance
from the apex. As the high frequency limit is approached, the active region
moves toward the apex and the amplitude of the curr~unt in the shortest element
increases, When this current increases to within 10 db of the maximum, it
is observed that the input VSWR begins to depart from its mid-band value.

This occurs somewhat hefore a significant change in the :pattern: 18 observed,
Therefore x , the location of the -10 db point nearest the apex, can be takei
as a.definition of the high frequency edse of the active »sgion,

At the low frequency limit, distortion of the active region is accompanied
by an increase in the H-plane beamwidth-and a change of impedance., The
beamwidth was chosen as -a criterion because the low frequency patterns are
always smooth and siggle-lobed, facilitating unambiguous measurement, When
the current in the longest element increases to Ito’ an amount sufficlent
to' increase the H-plane beamwidth by 10 percent, th%# low frequency limit is

said to be reached. The distance from the apex to the 1 o point, x, , depends

4 “Lo
on Z° and h7a but is substantially independent of T and ¢. For the casés with

zo = 100 ohms and h/a = 177, X,

wave element. As the feeder impedance Zo is increased or the ratio h/a is

o 18 equal to xx/z, the distance to the half-

decreased on a given model, the active region is found to move toward the
apex in a manner where x+ is the distance to the ~10 db point .farthest from
the apex, such that xlo/x- and x+/x-, remain constant, As a consequence,

the location of the half-wavelength element with respect to the active region
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changes.
Xnowing the high and low frequency edges of the active region, the band-

width of the active region is given by

=42 (63)

‘ar -

X

In many practical applications the requirements will be less stringpnt aid the
bandwidth of the active region can be decreased-accordingly. In a previous
pﬁpérls x+ was taken as the low -frequency edge. The old-defiaition was:
subsequently found to result in Bﬂr's gruater than decessary for values of
T less than 0.875, A graph of Bar versus U for several values of T ip
shown in Figure 32, The circles are computed values and the stralght lines

a¥e-‘based. on an emirical formula fitted to the computed results,

= 3 O =T
B, 1.1 + 30.7 0(1-T) (64)

The empirical formula agrees with the computed and measured results for all
but the lowest values of T, go its use should be restricted to 7 > ¢ 875,
For a fixed T, the bandwidth of the active region increases as U increases.
This is an important des;gn consideratinn, because the size of an antenna
to cover a given baund increases as Bar increases.

The relationship between xlo and xh/z takes the form

Xpo = Sy, W/2) \/p (65)

Due to the geometry of the antenna, an identical relation exists between
the half-wavelength transverse dimension and the length of the largest

required e’emant in tune active region,

A
Ly, =52, b/a)gz (66)
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Thus 8 represents a shortening factor, and it serves to locate the active
region with respect to the half-wavelength transverse dimension. Figure 33
is a graph of the computed shortening factor as a function of z° for several
values of 3/a. S was found to be‘essentialiy independent of T and O in- the
range 0.4 < T < 0.95, and 0.075-< 9 <.0,21. In the computed models, low
values o h/a which correspond to thick: elements were not extensively
invéstigated; in these cases the approximations of the ‘theory are not well
satisfied., The curves have been extrapolated to 1‘w values of h/a by the
inclusion of measured results. The S factor is significant; for high
values of feeder impedance the shortening can be equivalent to scaling the
antenna ‘by a factor T, resulting in the saving of one element at the large
end. of the antenna. Work done by Isbellll on models in which the radii
of the elements were held constant, so that h/a varied from 20 to 100,
showed that ‘the largest element was roughly 0.47M at the low frequency
cut-off, and this agrees with the trend observed in Figure 33. Another
researcher in the field19 agrees with the location of the active region,
but finds that the stated values of Bar are somewhat high if the front -
to-back ratio of the pattern is used as a criterion. At any rate, the above
results can be used as a guide in the design of LPD antennas for specific
applications,

3.3 The Unexcited Region

The unexcited region consists of all dipr.e elements largzer than a half-
wavelength at a given frequency, and the portion of feeder to which these
elements are attached. This section shows that an unexcited region exists
on an LPD because of tha efficient manner in which the power in the feeder
wave 18 radiated by the active region. In this case the operation of the LPD

antenna is unatfected by the truncation at the large end. The resultg of
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several ‘measuvements of this property are presented.

Perhaps the most easily observed property of a successful log-periodic
antenna is the insensitivity of the pattern and input impedance to the abrupt
discontinuity at the large end of the antenne between the structure and
free space, The absence of end effects can be verified by distorting the
structure at the large end of the antenna or by operating the antenna in
front of a conducting screen. In either case the characteristics of the antenna
performance should not change. This lack of end-effect was observed by the
original researchers in (.o field and was postulated as a necessary condition

for log-periodic performance. Furthermore, it was thought that a necessary

-gondition for lack of end effect was that the major portion-of the radiated

£ield should be in the direction of shorter elements, so that the longer

elements are not illuminated.

-As shown in the preceding secticn, the magnitude of the element current
decreases rapidly in the unexcited region., This is because most of the
incident power in the transmission wave has been radiated by the elements
of the active region, One might reason that the eleménts which are longer
than a half wavelength are not efficiently coupled to the feeder, due to a
difference iu impedancc levels. This is true to an extent, but the fact remains
that on a successful LPD there is no practical amount of power on: the feeder
to excite the longer elements, even if they were efficiently coupled. 1In
fact, there do exist many regions where coupling is favorable; they are
in the neighborhood of elements whose lengths are odd multiples of a half~-
wavelength, 7These regions will radiate if power 1s delivered to them by the
feeder. This.effect has been exploited by Professor Mayes and the author

in the design of high gain multi-mode LP antennaszo.
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The emount of end effect or excitation of %— elements depends on the

radiating efficiency of the active region, Assuming the rest of the

structure lossless, the radiating efficiency can be defined as

N ;N T (67
IN
PIN,is‘the total input power and PT is the power dissipated in s matched resistor

at the large end of the antenna, i.e. ZT =\Zo. End e?fect depends on the amount
of power delivered to the termination, and.one would expect P,r to be negligible
when the antenna is performing satisfactorily. Figure 34 is a graph of M versus
thénléngth of the longest element: -in wavelengths, Computed values for feeder
impedances of 100 and 300 ohms are ploited for an LPD with T = 0.888 and

0 = 0,089, The relative_length of the longest element was varied by changihg
the frequency; identical results would obtain by changing the antenna size.
When the longest element is a half-wavelength, more than 80% of the incident
power has been dissipated by radiation from the active region. The antenna

is more efficient for zo = 300 ohms than for Zo = 100 ohms for fixed ll/x.

This is partially the result of the movement of the-uctive region toward the
smaller elements as z0 is increased, as was discussed in Section 3,2.2, The
X's 6n the graph correspond to values measured by Isbell11 on an LPD with

T = 0:89 and 0 = 0,0275, with Z, = 104 ohms, The measured results agree with
the computc* vesiilts for Z = 100-ohms in the neighborhood of !1/1\ = 0.5.

This is an indicaticn that the low frequency edge .of the active region remains
Fixed as O is changed,

The end effect or the possibility of exciting 5%/2 elements on an LPD

-depends- on T and the feeder impedance Zo. Figure 35 shows the computed
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efficiency as a function of Z_ for T = 0.92 and ll/k = 0,685, for T = 0.888

and ll/x = 0,71, and for T = 0,800 and ll/X = 0,87, The curves were doiermined

. by averaging high, optimum, and low values of O; the deviation ranges from

+ 3% tor T = 0.8 to+ 1% for T = 0,92, For the given valies of II/K the

gc%ivq region is well ahead of the longest elémént. Nevertheless for low

rs

values of T and z° an appreciable amount of power remsins on the feeder behind

e

the :antenna. If the efficiency is less than 85 or 90 percent and the afntenna

is terminated in a mis-match (e.g. a short circuit), sufficient power will

me e

Sarnmaaty
| E—]

be reflected back into the active region to cause the antenna characteristics

1 to depend on frequency. 1If an LPD has an operating baﬁ§width\greateg than

=3

3:1%, at some frequencies 3\/2 eleménts will exist on the antenna, If the:

-
i

efficiency of this model is low, the 3\/2 elements will be eiiergized, and

-
&

there will be two active regions on the anteiina., In seVere cases pattern

Tobing will occur.

T “——

Provided the efficiency is greater than 90%, a short circuit at a distance

P ——
ettt L ]

hl/2 behind the longest element is a satisfactory termination for all models

dn thé range 0.8 < T < 0.98 and-0.03 < 7 <'0.23, The 90% efficiency: requirement

Yotnsnn
Ry

places a lower limit on the allowable values of T and zo. This is why it is

Pl Py
[

difficult to achieve, for example, a 50 ohm input impedance if the requived

feoder ‘impedance is less than. 75 ohms--and T is less than 0.888, The relation

=

beiween feeder impedance and input ‘mpedance is discussed in Section 3.4.3,

The absence of end effect is an important feature of frequency independent

| ——
[ B

gntennas, It has been found the€ the frequency dependent perfovmdncs of

many unsuccessful log-periodic structures can be attributed to end effects.

==

3.4 The Input Impedance

prr—y
[u———

The input impedance of a log-periodic dipole antenna- 1s measured at the
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juncture of the feeder and the smallest dipole alement, This sectio. considers
the input impedance level as being determined primarily by the characteristics

of the equivalent line in the transmission region. Data are presented which

show how the input impedance depends on the various LPD parameters, and an
approximate formula is given which enables one to design an LPD with a

reLyuired input impedance. A widz practical range of impedance levels can
be obtained, and factors which ultimately limit this range are discussed;

3.4.1 General Characteristics of LPD Input Impedaice

A plot of input impedance versus frequency for an eight -elament LPD
with T = 0,888 .and:0 = 0,089 is shown on the Smith Chart of Figure 36, The

numbers on the chart are the j's in

£, =1 ri~F

3 1 -(68)

‘where fl is the frequency for which element 1 is a--half-wavelength long.
Except forgyfl/z, f7 and £8 the points cluster around a mean-resistance

level Ro. To find Ro,,a circle .is drawn with its center on the resistance

axis, enclosing the cluster. The intersections of the circle with the res;sténce

axis determines the minimum and maximum swing of resistance, Fb is then given:

,by

‘Ro = Vnnﬁxxgmin‘ (69)

The standihg wave ratio:with respect to R 1s given by

swi = [ B2 (70)

In -Figure 36, the mean resistince level is 72 ohms and’ the standing wave ratio,

-with respect to,7216hhs, is 1.25:1. The points for fo and £1/2 £all outside
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the cluster; this indicates that the low frequency limit has been exceeded.

The points f7 and f_ also fall outside the cluster, indicating that the

8
high frequency limit has been exceeded. These effects are typical and char-
acterize all LP cr*ennas., To the extent that the SWR can be neglected, the
points which make up the cluster define the frequency independent impedance
bandwidth of this antenna,

Ideally, the input impedance at the apex of an infinite log-periodic
structure should be the same for all frequencies re’>ted by the scale factor

. T. There is at least one reason why this does not generally hold for LP
antennas, even for frequencies within the design band. In any -ractical LP,
the scaling from cell to cell must start at a small vut finite element, because

.thg davice which delivers energy to the antenna cannot be made arbitrarily

‘small. This means that there is always a portion of the structure missing

. due to the front truncation. Ii Section 3.1 it was shown that the transmission

-

fregion acts as & uniform line. Since a fixed- length of this line is missing
;(tﬁe part from the apex to the smallest element), impedances are not trans-
“formed to the apex, and a frequency dependent variation is imposed. The
' departure from the ideal log-periodic variation is negligible only if the
removed piece of line is electrically small at the nighest opersting frequencies,
iThe electrical length of front-truncated line depends on the propagation constant
in the transmission region and the distance xN from the apex to the shortest
element, 'In some cases the front truncation can introduce an appreciable
effect, The .graph of Figure 36 is one such example. Here the equivalent
length ot the Tront truncati.i amounts to 0.75)\t at the high f;equency limit

(Et is ‘the wavelength of the trassmission wave). The input impedances at

frequencies related by integral powers of T are not equal. An example of
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a case in which the front truncation can be neglected, at least for low
frequencies, is shown in Figure 37. This antenna has T = 0.8 and @ = 300,
with 13 elements. Frequencies £3 through f4 are plotted, and the input impad-
ances are practically equal. In this case the front truncation amounted to
about 0.072 &t’ This example also illustrates the way the impedance varies

as frequency changes from £ to Tf, This typical variation produces a standing

R Mg

- Ao , :

wave ratio at the input terminals which is a complicated function of the
LPD parameters.

3.4,2 Input Impedance as a Function of T and- O

i)

» The input SWR with respect to Ro of a precisely constructed LPD is usually

small no mactter how severe the front truncation. This fact suggests that the

observed mean resistance level Ro is actually the characteristic impedance

of an equivalent line in the transmission reglon, and that the active region

presents a good match to this line, The approximate formula for the constants

of the equivalent line, derived in Section 3.1.2, can then be used to find

sy

the functional variation of the input impedance of an LPD. Rewriting

Equation (57), yields

g
‘ ~'.-4!

(71)

!wwa.

One finds that the mean resistance level is a function of all the LPD parameters.

ru ;NI

Figure 38 1s a graph of Equation(7l) for Zo = 100 and Za = 350 as a function of

O for two valiles of T, 0.8 and 0,97, This shows that the depenaence on 7 is

e

not very great, For a given Zo and Za the valve of Ro depends primarily on

the spacing. 0, As O increases the added loading decreases, so Ro approaches

(S

the zo of the unloaded feeder. Several computed values are plotted on the graph.

=
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COMPUYTED: © T = 0.80

x T=0.92

A T=0.97

APROXIMATE FORMULA:
| ! i | 1
0.04 0.08 0.12 0.16 0.20 0.24 0.28
RELATIVE SPACING O
Figure 38, Input impedance RO vs, O and T for Zo = 100 and h/a = 177,
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The errcr between the approximate formula and measured or computed re;ults
is usualily less than 10%.

An indication of the nature of the- error involved in assuming that the
capacitive 10;ding of a small element is distributed uniformly over a section
of the feeder can be found. Consider the loading to consist of small,
identical elements, uniformly spaced. -Assuming the capacitance of a small
dipole to be proportional to its length as- in Sectica 2.1.2, the characteristic

impedance of this equivalent line can-be found, It i3

(72)

—V—;‘P (cos ¢ - 1)

P9

Here ¥ is the electrical length in-radians of one section of line. ¢ = E{_‘! s

where d 18 the distance between neighboring elements., As ¥-goes to zeroc
(72) reduces to (71). A graph of the error involved in using (71) rather
than (72) is shown in Figure-39, where the percent error is plotted-as a
function of d/x. The error 1s-smail for all values of q/k found in -the
transmission region of an LPD,

The computed standing wave ratio with respect to RB as a function of O
for several vilues of T is shown in Figure 40, For these models Zo = 100 ohms
and h/a = 177, The SWR decreases as 7 increases, and for low values of T, a
minimum value of SWR-exists, For the two large laboratory models which were
used for the near field measurements, the values of SWR agreed with the

computed values., However, the SWR of pattern models was always greater than
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the computed value; this 1s because the details of the feed-point geometry
assume additional importance at higher frequencies,

3.4.3 Input Impedance as a Function of Zo and h/a

For fixed T and 0, the mean resiiitance level is determined by the chacracteristic

*mpedance of thé feeder, Zo. The graph of Figure 41 shows that Ro increases
’8 Z0 increases, The computed points are shown along with the measured values,
In addition, points calculated from the approximate formula (71) are also
shown, In all cases the agreement is good, demonstrating the utility of
the approximate formula,

Figure 42 shows hOW—Ro depends on Z° as a- function of the mean- spacing
factor 0’ = UZVr;: using the approximate formula (71), As 0' increases,
the slope of the curves approach unity, indicating that Ro approacheS—Zo.

The element thickiess as given by the ratio h/a can also be used to control
the input impedance. Figure 43 siiows the effect of changing h/a with fixed
Zo, for several values of o’ . As h/a increases, the loading decreases and
Ro increases,

It can be seen from the preceding graphs that the input impedance of
1PD antennas can be adjusted over a wide range. The upper limit is determined
by the problems involved in constructing feeder configurations, Even when
four wire balanced lines are used, characteristic impedances greater than
600 ohms are difficult to achieve. An added reactance due to the large gap
between the two halves of each dipole would possibly cause detrimental effects.
In the computed models there was no way of taking this into account; the computer
results show that antennas with Zo = 500 ohms work just as well as antennas

with Zo = 100 ohms, The lower 1limit of Z0 is determined by the radiating
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efficiency of the antenna, As previously shown in Secticn 3.3, in all models

in which zo is less than 75 ohms an appreciable amount of power remains. on

the feeder at the large end of the antenna, This power is reflected back through

the antenna if the feeder 1s shorted at the large end, as is commonly done,
or it i& wasted if a resistive terminatior is used. This effect has been
detected in the cumputed models. Figured44a shows the input impedaice of
an LPD with Z, = 56 ohms, terminated in a 50 ohm resistor. The impedance
locus-has the same characteristics as for higher vaiues of Zo. However,
whén a purely reactive termination is used, the input impedance locus
blossoms out as shown in Figure 44b, indicating that the end effect is
appreciable, In addition, irregularitites in the pattern occur, -otherwise
the ‘increased SWR could probably be tolerated.

Formula (71) can be inverted tc find the feeder impedance required to.
achieve a given input impedance., In its most useful form Zo i8 normalizead

with respect to Ro, resulting in

zo 1
'}c = ; z»a 4 . (73)
80 ®
(]
As in Equation '(71) Za is the average characteristic impedance of a short
dipole, given by
Za = 120 (1n h/a ~ 2,25), (74)

A graph of za versus h/a is given in Figure 45. Figure 46 is a graph of the
relative feeder impedance Zo/Ro versus the relative characteristic dipole

Vi
impedance za/no, for several values of the mean spacing factor O , This graph

/
can be used to design for a specific input impedance, given 0 and Za.
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Input impedance levels from 35 to 200 - ohms have bheen measured using the
coaxial lune feed method pictured in Figure 9, If higher impedance levels
are -required for use with balanced twin line, the 4:1 balun transformer
scheme suggested by Dr. Jordan can be used, In Figure 47, the feeder of
_an 14D is shown but thei.elements are not, ab represents the antenna input
:iﬁpedinqe at the front end. This load can be driven in parallel by two
(conxiil lines of characteristic impedance 230. Each line is inserted through
i

one of the feeders as‘'shown, and at the back of the aatenna they are connected

in series. A parallel wire line with characteristic impedsnce 4R6 is then

- connected to the series combination, resulting in a perfect m&tch to the

:gntehna. This .balun transformer .scheme has a bandwidth_éQuél to the operating
ibandﬁidth<9f the antenna. Since there is no current .on the feeder at the
~-back of the antenna, the quarter-wive choke which is ordinarily used in a
i4:1,bn1qp is not required, .so the balun does not depend on frequency. This

fteghnique‘has been used with success in the design of LPD television receiving

.antennas,

. (3.5 The Far Field Radiation

. The far field properties of the LPD antenna are determined from the

FLTES

“equations of 8ection 2.2.2. This section presents’ computed results which show

-

. ;hov the characteristic pattern of an LPD depeiids: on the varicus parameters,

:The charactzcristic pattérn of an LPD is defined as the patrvern which typifies

‘ zthg sntenna for all t;equenéieS—within the aesign band, The computed patternn

~are compared with patterns’ of several expériniental models, recorded by the
?University ofvllliqois Antenna Laboratory pattern range facilities,
‘Consideration is also given to factors which control the relative phase of

the far field, The phase center of an LPD is defined, and measured and computed
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data are presented which show that the phase center is located at the active
region.

3.5.1 Rad2ation Patterns

-Examples of the computed relative field intensity patterns are shown
in figure 48, For this LPD, T = 0,888, 0 = 0,089 and' ¥ = 8. fJ denotes the
fiequency

1-3 -
= T
£ = £ (75)

‘whera fl is the frequency for which element number one is a half-wavslength-
long. The characteristic pattern is observed over the range fl to f7, which
yields a pattern bandwidth of approximately (0.888)1-7 = 2:04, At f8 definite
pattern deterioration has occurred, indicating that tne high frequency limit
has been exceeded. Figures 53, 54, and 55a are enlarged patterns which si w
the negligibie variafign as frequency changes from £ to Tf, 7Tne computed
patterns of Figure 49 are for the same antepna with fewer elements, N = 5.
Again there is no measurable difference. In addition to exhibiting negligible
variation over a period, the characteristic pattern of this antenna does
not depend .onthe nuherof elements, as long as there are enough elements
to support the active region, Thus, according to ‘the definition, this antenna
can be c@lled frequency independent with respect to its radiation pattern,
%ﬁié behavior ig typical of computed and measured LPD patterns., Tha oaly
excepiions occur when there is an end effect, These exceptions are char=
‘qéyérized by petterns which change with frequency. The patterns broaden
.and sometimés side lobes appear.

Tbe@gpdsp>pattern behavior can be observed from a plot of the computed
ha}tqg§ﬁé£fbeamWIch versus frequency, as in Figure 50, The E-plane pattern

‘holds constant over a wider frequency range than the H-plane pattern,
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Figure 48. An example of radiation patterns computed by ILLIAC,

T =0.888, 0 =0,089, N =38, z, = 100
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Z,, = short at h /2, showing no difference Batween
tterns for N= 5 and N = 8,

Figure-49, Computed patterns, T = 0,888, ¢-= 0,088, Z = 100,
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Computed half power beamwidth vs, frequency; T = 0,888, 0 = 0,089,
N =8, ?.O = 100§, ZT = short at h1/2'
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_This trend is evidenced by all LPD antennas, and results from the strong
L]

;dependence of the H-plane pattern on the array factor* of the antenna, whereas
'the more directive E-plane element pattern masks small changes in the array

‘

;factor. The graph of H-plane beamwidth shows that the active region spans
‘several clements, because the pattern bandwidth is significantly less than

fthe strdcture bandwidth, The graph also shows that the center of the active
;iegion is located somewhat ahead of the half-wavelength element, hecauée

:the center of the pattern band is located at a lower ZIrequency than the

,center of the structure band.

. Bxamples of measured and computed patterns are given in Figures 51 through
;56 for T =.0.888 and 0 = 0,089; in Figures 57 through 59 for T =-0.98 and

;0 = 0,057, and in Figures 60 through 62 for T = 0.8 and"C =-0,137. The
;measured cross polarization was found to be more than 20- db below the

‘pattern maximum as long as the spacing between the feeder conductors is small
gcompared to the shortest wavelength of operation, In every case the computed
gE-plane beamwidth is narrower than the one measured, and the-computed H-plane
{beamwidth is wider than the one measured. Thes~ errors tend to compensate each
SOther in the computation of antenna directivity, so the comparison of computed
iand measured directivity is more accurate than the comparison of computed

‘and measured beamwidth, The error is incurred because the actual current

on the dipole elements apparently departs from the assumed sinusoidal form.

* Actually, it can be seen from Equations (46) and (47) that the pattern
cannot ‘be expressed as the product of an element factor and an array factor,
because of the differing element lengths., However, it is convenient to think
in these terms here, owing to tlie dissmilarity between the E-plane pattern
of a single element (a figure eight pattern) and the H-plane pattern
(omnidirectional).
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Figure 51. Computed and measured patterns; T = 0,888,

0 = 0.089, Zo = 100, z,r = short at hl/z




104

E-PLANE
=~=— COMPUTED

Figuye 52,

it=-PLANE

e MEASURED

Computed uad measured patterns; 7 = 0,888,

0 = 0,088, Z, = 100, Z, = short av h,/2
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Figure 54. Computed and measured patterns; ¥ = 0.888,
0-= 0,089, Zo = 100, Z, = short at h1/2
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Figure 56, Computed and measured patterns; T = 0,888,
0 = 0,089, zo =100, 2, = short at h1/2
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Pigure 58, Computed and measured patterns; T = 0.88, U = 0.057,
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Figure 60. Computed and measured patterns; T = 0.8, ¢ = 0,137,
N =38, Zo = 100, Z, = shory at h1/2
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Pigure 62, Computed and measured patterns; 7T = 0,8, ¢ = 0,137,
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It can be shown that the E-plane pattern of a half-wave dipole antenna “ecomes

narrower as the current distribution changes from sinusoidal to uniform,

Thus the actual current distribution in the elements must be more nearly

uniform than- sinusoidal.

3,5.1.1 The Characteristic Pattern as a Function of T and O

The scale factor T and the relative spacing O exercise: primary control

over the shape of the radiation patterns of LPD antennas,

Figures 63 and

64 are plots of the computed E- and H-plane half powver beamwidth as a function

of O for several values of T, In these curves z° = 100 ohms and h/a = 177,

Bach -curve posccsces a minimum in the range 0,12 < 0 < 0,18, Tlie H-plane

beamwidth varies more than the E-plane beamwidth; i1 should be noted that

the scale of the ordinate is different in the two figures,

Using the graphs of Figures 63 and 64, tne directivity in decibels can

be approximated -using the formula from Kraus,z1

41253
D = 10 log—em—om—
(BWE) (BWH)

BWE and BWH are the half-power beamwidths, in degrees. In
plotted cpntours of constant directivity in decibels, as a
and O, A secale for the angle a is also given. A straight

equal a indices on the top (or right) and the bottom edges

3

Figure, 65 are
function of T

line connecting

of the graph

describes comblnations of T and O corresponding to the given angle «.

All values of T and 0 which result in single-lobed frequency independent

patterns fall within this graph, For O less than 0.05 the directivity falls

off rapidly and the front to back ratio decrzases. Values of T greater than

0.98 on the left side of Figure 65 have not been extensively lnvestigated,

(76)
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because the rumber of elements required to achieve a given bandwidth becomec
excessive, For values of O greater than the optimum O, the directivity falls
off and the patterns either tend toward broadside or side lotes appear. In
addition, the length of the antenna for a required bandwidth becomes excessive,
For T less than 0.8, only one dipole is near resonance at a given frequency,
and it couples an insufficient amount of energy from the feeder, resulting
in end effects which destroy the log-periodic performance. Measured patterns
of such an antenna are shown il Figure 68, For this antenna T = 0,7 and
0 = 0,206, The feeder was terminatedl Ly ah open circuit at the largest
element. The patterns definitely depend on fyu(ilenty, one pattern has its
maximum in the opposite direction, Terminating the feeder in a matched
resistor resulted in the measured and computed H-plane patterns of Figure 67,
In. chis case the patterns are more nearly independent of frequency; however,
the addition of the matched termination has lowered the computed efficiency
to 70%. The patterns of Figure 67 also illustrate the broadside tendency
which is characteristic of values of U much greater than the optimum,

The front-t~-back ratio as a function of T and T is shown in Figure 68,
For T > 0.875 the calculated F/B is greater than 20 db, The F/B fzr T < 0,875
depends on the value of ¥; it attains a maximum for @ near the optimum value
shown in Figure 65. F/B decreases as the cut-off frequencies are approached.
(Compare the patterns of Figures 51 through 56,) This decrease can be limited
to some exteut by adjusting the reactive determination Z,,. Isbell found that

T
a short circuit at a distance h1/2 behind the largest element resulted in

a minimum deviation of F/B from its mid-band value. .

3.5.1.2 The Characteristic Pattern as a Function of Zo and h/a

The computed and measured patterns of an LPD with T = 0,888, ¢ = 0.089,
and zo = 150 ohms are shown in Figures 69 and 70, A comparison of the

corresponding patterns of Figures 52, 53, and 55, for Zo = 100 chims shows
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Figure 66.

E-PL/ANE H~-PLANE -

= MEASURED

Measured patterns; T = 0.7, 0 = 0,206, 2z = 100,
7, = short at h /2, N = 6, h/a = 177
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Figure 67, Computed and measured H-plane patterns; T
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FRONT TO BACK RATIO DB,
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Figure 68, Computed pattern front to back ratio vs, ¢ and T;

Z, = 100, 2, = short at h1/2
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Figure 69. Computed and measured patterns; T = 0,888,
0 = 0.089, Z, = 150, Z, = sport at h,/2
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E-PLANE
~—~— COMPUTED

0 =0.089, z = 150,

H- PLANE
- MEASURED

Figure 70. Computed and measured patterns; v = 0,888,

ZT = ghort at h./2
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H
that a change in z° kas littie effect on the characteristic patterns.

In this wodel the average directivity decreased by less than one decibel %s
the feeder impedance increased from 75 to 300 ohms. On nine models with ,
different T and ¥, similar results were observed; antennas with ¥ greater
than optimum lost a3 much as one db over thi range 160,§ ZO'S 300, For

s.asll O the variation was less than 0.5 db, AS an approximation suitable

for design purposes, one may assume that tne directivity:contours of ;
Figure 65 hold for all practlcal values of Zo.

The -element thickness controis the directivity to some extent, Figuré
7) sho&é that the average directivity decreases as the element height to fadius
ratio increases. For this model, with T = 0 8§88 2nd 7 =-0-089; thg'decreése
amounts to about 1.2 db over the range 100 < n,’a < 100,000, Although<the‘
approximations of the theory are best satisfied with large h/a, in the
frequency range for which the Antenna Laboratory is equipped, it wds impussible
to build models with h/a much greater than 800, The two laboratory modelé
with T = 0,888 and O = 0,089 agree with the trend of tne curve for h/a < 8‘00,
although -the measured directivity was low, As with Zo, the -variation seems
insignificant in the light of the approximations made, and for design purﬁdses
the directivity contours of Figure 65 can be used 1f a small correction is
applied.

It has been found that a departure from -the exact scaling of the diameter
of each element can be tolerated If the duameters of the elements are held
constant, the directivity should increase with frequency, This increase was
not observed in the laboratory models which covered a 3:1 bandwidth, because

other minor pattern variations masked the sought after trend., It is to be

axpected that the input VSWR will tncrease if constant diameter elements are

used,
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Table 2 presents a comparison of the measured average directivity of
several laboratory models and the corresponding directivity as read from the

graph of Figure 65, with a correction for the change in h/a obtained from

Figure 71, In general, the computed directivity is higher than the one measured.

The mean error is 0.35 db and the maximum error does not exceed 1 db,

3.5.2 The Far Field Phase Characteristics

The far field phase and the phaue center are of special interest: when
one .attempts to array several LPD antennas to achieve higher directivity
or specially shaped beams, or when an LPD 13 used as the primary feed in

;lens or reflector systemszz. The relative phase in the principal planes of
_the far field is given by the phase of the complex field quantities

’Pﬂ—egp (-jBr) and Py exp (-jBr)  Writien in polar form,

f p < ip] oI FY,0-8r]

(77)

:Here P stands for either of the principal plane patterns and the phase F

iis a fanction of the relevant angular varicble § and the frequency f,

XIn the following sections F 1s used to demonstrate the phase rotation
phenomenon., The phase canter of an LPD antenna is definad and its dependence

.on the LPD parameters is determined,

3.5.2.1 The Phase Rotatiopn Phenomenon

In 1958 DuHamel and Berry23 discovered the phase rotation phenomenon
wﬂich is characteristic of LP antennas. Tiey verified experimentally that
™ the phase of the electric field at a distant vnoint is measured relative
to the phase of the input current at the apex of an LP antenna, the phase
of the received signal 1is delayed by 360° as the structure 1s expanded

through a "cell", The experiment was conducted wr building several LP
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TABLE 2
Comparison-of decasurod and Cemputed Directivity
Measured Computed
T [ a zZ, h/a Blg BY! D D
0.98 0.057 5.0 100 125 56,3 85,7 8.31 | 10.0
0.98 0.038 7.5 7% 2407148+ 54.1 85,7 9.50 | 95
0.975 C.0717 5.0 100 200/151% 52.8 78.6 10,08 : 10,0
0.95 0.0268 25.0 100 100/26+ 8.7 114,2 7.20 J—
0.93 0.125 8.0 65 66 60.0 85.0 9.08 . 9.8
0.92 0.200 5.7 100 142 52.7 69,1 10.53 9.9 ‘
0.92 0.160 7.1 100 177 §7.0 80.2 9.56 10,0
0.92 0.150 7.6 300 60/20% 54.0 83.4 9.53 9.8
0.92 0.120 9.5 100 118 57.0 81,1 .52 ‘9.4
0.92 0,080 14.0 100 177 61.5 98.0 8.3 8.9
0.91 0.128 ) 10.0 94 6 59.2 980.8 8.88 T 9.4
- 0.89 0.103 15.0 75 80/45¢ 67.0 106.3 7.63 8.6
0.888 0.089 © 17,8 100 80 61.8 101.9 8.18 8.7
~ 0.888 0.089 17.5 100 177 63.4 106.6 7.86 8.3
0.888 0,089 17.5 150 177 65,2 132.0 7.52 8.3
0.86 0.080 23.6 200 50 64,3 112.3 7.57 7.9 .
0.85 0.2:8 10.0 75 80/45¢ 71.3 109.0 7.14 7.3
0.84 0,068 30.5 215 50 67.8 126.8 6.83 7.5
“ 0.81 0.364 7.5 % 80/43¢ 95.0 180.0 3.83 ——
‘ 0.80° 0,137 20,0 100 128 $8.5 101.9 8.41 8.3

* In thesu models, the element diamoter was held constant; the h/a of the longest

and shortest-element is recorded.
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' antennas with indentical T and a, the models differing from each other
]
in size, 1If Kxn is the distance from the apex of the structure to element n,

4 W

the expansion factor for each antenna is determined by assigning values

of K from 1 to l/T2. (The "cell" scaling factor for LPD antennas is T2).

o

All other dimensions of the structure are also multiplied by K.

S

Since an expansion of a log-periodic structure is equivalent to -a

change of frequency, the .phase rotation phenomenon can also be observed by

measuring the phase of a given antenna as frequency is increased from
'f to f/Tz, provided that the distance r from the apex to the far field
point is decreased from r to Tgr. The phase of a far field component is

given by the exponent of Equation (77), FGP,f)-Br. Under the stated conditions

Br 15 held constant. The phase should be measured relative to the input

current at the apex of the antenna, so the front truncation which occurs

Fitesq

on most practical antennas must be taken into acccunt for the reasons

HH’”A ol

given in Section 3.1.1., The dotted curve of Figure 72 is for a computed

model with T = 0,875 and- U = 0.067, from frequency fz to £ In this

4.
‘model the front truncation was 0,158\ at fz and 0.206M at f4, ana the

computed values of F were corrected accordingly. The phase function F

e N -t

was found to be essentially proportional to the logarithm of frequency.

it
PO

The slight devintion from linearity was also observed by DuHamel and Barry.

4

Since the phase is proportional to the logarithm of frequency, or

—

4

equivalently to the logarithm.of the expansion factor K, it is possible

to adjust the phase of an LP antenna in a manner which is independent of

Pt

the pattern and input impedance, This property has been exploxrted in -the

design of nhased arrays of LP antennas; for a detailed discussion and

i vosinamorg Sonnd
- . -
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Figure 72, Computed far field phase as a function-of frequency, illustrating "{
the phase rotation phenomenon.
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several examples, reference 23 should be consulted.

3.5.2.2 The Phasc Cente:

It is well known that the amplitude pattern of the far field is
independent of the location of the origin of the coordinate system in which
the antenna. is situated. However, the phase function F is quite sensitive
‘to the location of the reference point, -and it follows that there may be
a certain reference point which leads to a simplification.of F, .If there
exists an-origin which reduces F to a constant, tt°'n this origin is said to
be the phase center of the antenna. Since this definition of phase center
depends on the polarization of the field and the plane :which contains the
angular variable ¢, these two quantities must be specified whénever the
concept of phase center is used

‘For most antennas the phase is a functdion ot ¥ whatever the origin
chosen, but over a limited range of Y there may exist a point p such that
F is practically constant, If p is chosen as the phase center for a given
aspect ungle ¢p, then the range of ¥ for which the fixed point p can be
used as- the phase center will depend on the allowabhle tolerance on F.

To find the point p use is made of the evolute of a plane equiphase contour,
The evolute is the locus of the center of curvature of the contour, and the
center of curvature corresponds to the location of an origin which leads

to no change in the phase function over an increment AW. It will be shown
that the knowledge of F as a function of ' for any origin near the afiteftia
is sufficient to determine the evolute of a far field equi-phase .contour,

In- the coordinate system of Figure 73 OP = r is the distance from

the origin to a point on an equi-phase contour 8, The ray DP is normal to

the tangent line of S at P, therefore DP must go through the center of curvature.

I VS
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Figure 73,

Coordinate system for phase center computations,
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In the following development, point D at x = -d is found, then r is made
very lavge so that Y is approximated by b, Knowing d and Y for each
point on the curve, a pencil of lines such as DP can be determined, The
locus of the phase center or equivslently the evolute of S, is traced by
the envelope curve of the rays.

Let an equiphase contour in the x, y plane be given by

F({) - Br =, 78)

wiiere -C 1s an arbitrary constant, The angle 5 s given by

%s sin¥ + r cos ¥

tan (79)

%cos\l‘—rsinq‘

From the geometry of Figure 73,
= ey 6-
d y, tan X (80)
where X, and Yo are the coordinates of point P, Substituting for X, Yo and
tan 5, one finds

F/ (F-C)
(F-C) sin ¥ - F cos ¥

d=3 , (81)

whére the prime indicates differentiation with vespect to g, Changing
to the variable

u = 27 cos ¥, (82)

and writing d in terms of wavelength, results in

d ~dF/du

X = udF/du (83)
14 —Lf—
Br
For the far field condition r is very large, hence d/K is approximated by
d dF
7: = - -‘-i? (84)
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Thus, d/M is given by the slope of F(¥) as a function of 2w cos ¥,
d/N can be computed from the difference equation
d F(b, + 40 - FOV)
X = 7 2x[cos O, + 4 - cos V] (85)

.where ¢1 is a given value of ¥ and AV is an increment. Once d is found
as a function of ¢, rays such as DP can be-dr*#n by setting Y = $, The
evolute of the equiphase contour is then the envelope curve of the
rays,

Figure 74 shows a pencil of rays and the corresponding evolute for
an LPD with T = 0,92 and ¢ = 0,12, Only half of the -evolute is shown,
because it is symmotric about the axis. For angles other than 0o or 180o
the phagse center clearly lies off the axis of the antenna., However; for
all antennas the -departurs from the axis is small in terms of wavelengths,
and it can be neglected for ¢ angles less than 700. Each LPD antenna
exhibits an evolute of the equiphase contour that -is peculiar to itself,
znd no correlation was found between the shape of the evolute and the
LPD parameters.

In what follows, the point po corresponding to Y = 0o is chosen as the
phase center, Ideally, the distance in wavelengths from the apex to po
should remain constant as frequency is changed by an integral power of T,
Although a variation with frequency was observed, the computed results
similar to those in Figure 75 show that the variation is small, The
ordinate is xp/\, the distance from the apex to P, in wavelengths, and
the abscissa is the log of frequency. 1In all cases the variation was

less than 5%, so the average value can be used without significant loss
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of accuracy. An example of the measured and computed location of the phase
center is shown in Figure 76. The relative magaitude of the element bast
current is also plotted so that the location of the phase center with .

"reference to the active region can be visualized,

A graph- of the computed location of the phase center for models with
Zo = 100 and-h/a = 177 is shown in Figure 77, xp/k is the distance to the
«H-plane phase center in wavelengths, for U o 0°. The location-of the
tphase center is independent of T and U over the rernge of @ shown. The
E-plane phase center was found to lie ahead of the H-plane phase centér
.by an amount which varied linearly from 0,95 xp for a = 25° 1o xp for
a = 2.5°, Inall cases x5 < xk/z’ which is the point .where the transverse
dimension is a half-wavelength. The shortening factor of Figure 33 can
be used to find the change in xp as Z° or h/a .is changed,
| Since no 'LP antenna. exhibits a completely wpherical equiphase surfape,
the question srises as- to the utility of using point po as the phase center,
This, of course, depends on the allowable tolerance between the zctual
phase at some angle’¢, and the phase computed on the basis of an hypothatical
spherical wave which originates at the phase center, Figure 78 shows an
equiphase contour S described by F(J¥)-Br = C, where ¥ is the angle subtended

.at the origin 0. Sl

is an arc of radius y + d with center at Py the
chosen phase center. s( represents an hypothetical circular equiphase
coritour of value F(o)-Bro. The error A F is the.dtstance between S and 5/
at the angle Y, and is given by

F(o) - F(b) +% [ - sin ¥ - sin Y

£- Ry
= 27 sin (¢ - YV)°°

(86)
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For the far field condition r approaches infinity and Y becomes equal to

¥, reducing (88 to

OF _FO) -F&) d

) e e N (1 - cos V), (87)

If a tolerance q is given, a value ¢q can be found such that

IAFI
x
This Aefines the range of ¥ over which P, is a useful phase center, for
the tolerance q.

Setting q = M16 and using Equation(8%, ¢q was found by a trial and
error process. Little’correlation v.25 found between ¢q and the antenna
parameteyrs, because the phase function F was different for each antenna,
However, for all but two models in which U is less than optimum, the value
of ¢q was 900 for the E-plane pattern and greater than 90° for the H-plane
pattern. The two exceptions were T = 0.95, ¥ = 0,143, and T = 0,97,

0 = 0.175; both are high directivity models, For O greater thap optimum,
¢q decreased to 59° at T.= 0.875 and 0 = 0.222, which was the lowest value
of ¢q recorded., Thus, in all models in the range 0.8 5 T<0,97, and
0,05 < g < 0.222, the error in using bo as the phase center is less than

M\/16 for all angles within the 3 db béamwidth,

The values of xp described herein can be used as a guide in the design
of arrays of LPD antennas, However, due to the approximations of the theory
and the sensitivity to error of phase, it is prudent to measure the location

of the phase center in critical designs. An indication of the nature of the

error involved in using an incorrect value of d can he determinen from

< L for W< ¥ (88)
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Equation@®7)., If the error in d is Ad, then the phase error in wavelengths

will be Ad(: - cos ¥)/N\,

|

i ot Bed ot bweed  dewed (N i e eed faeed Bl Feed el

.

;" 2

SN N

trimed




e e e =

.

RO

ey

T T T T e P T T e T T . =

148

4. THE DESIGN OF LOG-PERIODIC DIPOLE ANTENNAS

This section first reviews the LPD parameters and their effect on
the observed antenna performance, A procedure is outlined whereby the
physical dimensions of an antenna which meets given electrical specifications
can be determined by the use of graphs and nomograms, Finally, 'Several
novel designs are given which exploit certain properties of log-periodic
dipole antennas,

4.1 Review of Parameters and Effects

To varying degrees all the parameters which specify an LPD have an

~

effect on the observed performance. Table 3 lists the parameters and .

P foeaf i med GmN NEE M NS W

qualitatively describes how each effects the performance. The prihcipal

-

LPD parameters and their range are listed in the first two columns. At

b
L NN

the top of each succeeding column are the features of the antenna, The

entries denote how the performance changes with an increase in the- pertinent

iy
1 -

parameter, while all other factors are held constant,

——
- a

The directivity of an LPD depends primarily on the combination of T

L4

and O gelected, Directivities from75to 12 db over isotropic have heen

-

pes
{

measured. Since an increase in directivity implies an increased aperture,
it is not surprising that high directivity médels are characterized by

small ¢ and large L/xﬁax‘ For a givea T, 0, ahd element thickness,

[t

the input impedance depends- on the characteristic impedance of the feeder.

Fortunately, the directivity is essentially independent of the feeder

impedance, Tlis makes it possible to design an antenna for a given

-

directivity and then, in most cases, the input impedance can be adjusted

¥

to the required level. The exceptions occur on models with both low T and

}

e
LI

low Zo. Under this conditicn the radiating efficiency of the active region

R
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is low, and trouhlesome end effects appear. Nevertheless, input impedance
levels from 50 ohms for high values of T to 200 ohms for all values of T
have been obtained. If a higher impedance level is required, the suggested
4:1 balun transformer scheme can be used.

Table 4 is a collection of the design equations. The numbers in
parentheses refer to the page on whicia the equations are introduced.
The most important relationship, that which relates the diréctiy;ty to the
antenna parameters, has not been put into equati-n form. For this information
reference must be made to the graph of Figure 65,

4.2 Design Procedure

First is presented a method of finding the major design parameters T
and O for a given value of directivity., Then it is shown how zo is adjusted
to obtain the required input impedance, An example which illustrates the

technique is given,

4.2,1 Choosing T and O To Oobtain a Giyen Directivity

For most applications, one is interested in designing an antenna which
has'a given directivity and input impedance over a given frequency band.
Once these electrical characteristics are specified, one must decide the
relative importance of minimizing the number of elements or the size of
the antenna, These two properties are not independent., The number of
elements is determined by T, as T increases the number of elements increases.
Thg antenna size is determined by the bcom length (the distance between
‘the ‘smtl:llest and largest element), which depends primarily one, As e«
Qecreale§7§ﬁ§ size increases, From the graph of Figure 65, it can be seen

that é\hupbép of combinations of T and 0 lead to a given value of directivity.
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N,

Mumbera in paranthesis refer to the page on which the equations are first introduced

C = é(l - T)cot @

B, =1.1430,700-7 B, *1.1412280 tang B=11+770-0%taa

BN

= 120({n b/s -2.25)

N

1 1
l/\-‘x u(l - i;) =7
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(34)
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One of this set (T, 0) leads to minimum boom length and another leads to a
minimum number of elements,
With these facts in mind a preliminary choice of T and O can be made
from the graph of Figure 65, It is usually best to start with the optimum
value of O and then proceed to lower values. Knowing T and 0, the value

of the dependent variable @ can be determined from

tan @ = ——5—= (89)
or from the nomograph of Figure 79,
The structure bandwidth Bs must be found to determine the boom length-
and the number of elements, BS depends on the required operating bandwidth
B and the bandwidth of the active region Bar‘ For the given values--of
T, 0 and a, Bar can be determined from Figure 32, or from the nomograph

of Figure 80. Bs is then given by

B =BB . (90)
s ar
)‘max

Since the length of element number one is 3

in the preliminary design,
the geometry of the LPD antenna provides an expression for the boom length
relative to the longest operating wavelength,

=3 -0t a (91)

max s

where L is the boom length between the longest and shortest elements, A
nomograph of 91 is given in Figure 81, The number of elements is found
from the equation

log B
og B,

Ve T A

(92)

a nomograph of which 1s given in Figure 82,

PN

t
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It is likely that the first estimate of T and O will not minimize
L or N, Repeating the process for different values of T and O will esteblish
the tread, and the minimum-designs will becoms readily apparent, For some
values of Ba’ minimum L cannot be attained for values of T and O within
the operating range of the graph of Figure 65. In these cases a compromise
i will have to be made, If a choice of (T, 0) exists, and there is no

apperent basis for a decision; it should he recalled that the £V

VR incrensce
and the front to back ratio decreases as U departs trom the optimum value,
according to Figures 40 and-68.

Some mention should .-be made of the secondary factors which effect
the directivity, Zo and g., Since the graph of Figure 65 is based on
Z° = 100 ohms and Za = 350, an adjustment should be made if it is
anticipated that Zo aud 2; will depart from these values by more than
a factor of 2. The exact value of 2, is as yet undetermined. However,
it is known that the feeder 1mpedégce is always greater than the resulting
input impedance, so if Ro is greater than 100 ohms the directivity contours

of Figuge 65 will read a fractisn of a decibel high, If the ratio h/a is

much different than 177 a r.?rection must be made., According to the curve

T .

of Figure 71, the dirsctivity decreases by about 0.1 db for each doubling
i/

¥ HA

of h/a; for h/a > 177 the constant direzlivity contours of Figure 65 will

>

read high, One may wish to include an additional safety factor, since a
comparison of computed and measured directivity in Table 2 shows that the

directivity computed from Figure 65 averages 0.35 db higher than the measured

T E ER

value, The corrected value of directivity, for use in Figure 65, is

obtained by adding the above contributions to the required design value.
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4.2.2 Designing for a Given Input Impedance

Once the final values of T and O are found, the characteristic impedance
of the feeder Zo must be determined so as to give the required. input impedance
Ro. The ratio h/a is determined from structural consilerations, and-ideally *
should be the scme for each element, Practically, the element diameters
can be scaled in groups, and in the computation of irput impedance the

average h/a in a group should be used. The average. characteristic impedance

‘of a dipole element za can be found from

z, = 120 (ln h/a ~ 2,26), (93)

or from the graph of Figure 45. Inverting Equation(7l), gives the characteristic

impedance of the feeder relative to Ro,

(94)

where Za/R° is the average characteristic impedance of & dipole element with
’

respect to the required input impedance Ro’ and 0 is the mean relative

spacing,

o’ =07 y7. (95)

A graph of£(94)1s given in Figure 46.

The major parameters of the required design have now been determined.
It remains to find the size of the first element relative to the maximum
operating wavelen%th. As shown in Section 3.2,2, the longest element

can be less than gax for values of Z° > 106 and h/a < 177. ‘The half~-

length of the longest element is given by

A
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xmlx
hl =8 — (98)

where § is tlie shortening factor as read from the graph of Figure 33.
Knowing T, O, N, Zo and h1, one can find ‘tne-cimensions of all other
parts of the: antemna,

The impedance ZT which terminates the feedar has an effect only at

the lovest operating firéquericies, 1In practice, the feeder is terminated

in a short circuit a distance of 45§§'drrleii—béﬁ;nd‘the largest element,

so that ZT remains inductive at the lowest frequsncies,

4.2.3 Application of the Design Procedure: An Example

As an example Bf the déligﬂ procedure, let the dimensions of an LPD
antenna be determined such that the directivity ‘is 9.5 db, the bandwidth

is 1,75, and the input impedancé i§-80-ohms, Size limitations dictate an

h/8 ¢2 118, This mesns that the corrécted directivity for use in Pigure 65

is betwsen 9.4 and 9,5 db, Starting with & value of ¢ greater then optimum
(to clearly fllustrate the ‘trend), the set (7,0) xhichk yields a directivity
of 9,4 db 1is recorded from Figure 65 in Table 5,

wA

max’ and N were determined from the nomographs.

The values of Bat’
The minimum-element design is (0,89, 0,185)., The minimum boom length design
cannot be attsinsd for vilues of T .and G within the operable rangé, A
compromise between length anévﬁéﬁbgr of elements is given by T = 0,92 and

O = 0.12. This design-has L/p =-0,85 and-N=12, The aversge charactesistic

dipole impedance for h/a = 118 is about 300 ohms (Zrom Figure 45) so za/Ro = 3,75,

(A o/ V?'z:”o.iza, end from the- graph of Figure 46, ZO/B° is approzimately-
1,3, therefore the fesdex imba@gncc Zo is 104 ohms, The half-length of
element one is :et:gggal,tofﬁi‘xlz.beciule the shoitening factor is nearly unity

(see Figire 33),
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Values of T, 0 and . which give 9.4 ¢b directivi ty over a 1,73:1 band

el M AN BNE BN o
-

0 92
0.91
0.90
0.89
0.90
0.91
I 0,92
0.93
]F 0.94
R 1
] 0.95
][ 0.96
¢ 8
o~
) n
» 1
!
I :
3
[ !
= 5
- 6
) .
Ay
8
T .
-~ 10

!
— g
N [

:»—-*1 l s

[

0.21u
0.197
0.187
0.165
0.148
0.135
0.120
0.105
0.090
0.070
0,054

1.0000
0.9200
0.8464
0.7787
0.7164
0.6591
0.6064
0.5378
0.5132
0.4722
0.4344
0.3996

«

5.4
6.6
7.7
9.5
9.7

©w ©w O
[+ B I ]

.
[3:]

10
iL.0

w

1.64
1.68
1.66
1.56
1.47
1.40
1.33
1.27
1.21
1.16

TABLE 6

2.84
2.87
2.94
2,91
2.73
2,57
2,45
2.33
2,22
2.12
2.03

Antenna bimensions in Inches

4,66
4,29
3.95
3.63
3.34
3.07
2.83
2.60
2.39
2.20
2,02
1.87

n

28.00
25.76
23.70
21.80
20,06
18.45
16.98
15.62
14.37
13.22
12.16
11.19

16.81
14,57
12,51
10.61
8.87
7.26
5.79
4.43
3.18
2.03
0.97

2a

0.179
0.073
0.067
0.062
0.057
0.052
0.048
0.044
0.041
0.037
0.034
0.032

1.72
1.41
1.23
0,99
0.94
0.92
0.89
0.86
0.82
0.74
Q.66

13+

1
-

114
10

10+
11-
12-
13-
14~
15+
18+

Plameter of
wire used

0,078
0.072
0.072
2,065
0.061
0.050
0.048
0.040
0.040
0,038
0.031
0.031

~
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In compiling a table of the dimensions of the antenna, it is best
to start with a tabulation of powers of T which is accurate to at least
four decimal places, The half lengths of the elements hn; the distance
from the apex to each element, X3 the distance from the firont of the
antenna to each element, Dn; and the element diameters are then computed,
as shown in Table 6, The half length of the largest element is 4,66 inches
because the desired low frequency cut-off is 635 mes.
The feeder is spaced to give & characteristic impedance of 104 ohms
according to the formula,
Z, = 120 cosk™) ‘-;15, (97

where b is the center to center spacing and 2a is the diameter of the
feeder conductors, The above described antenna was constructed of coin
silver tubing and copper wire, using silver-solder techniques, The
resulting model is pictured in Figure 83, The measured ‘input impeaance
clustered around a mean resistance level Ro of 73 ohms, a bit lower than

the design value. This could be brought closer to 80-ohms by increasing

the spacing between the feeders, The SWR with respect to 73 ohms is plotted
in Figure 84. Taking an SWR of 1.3:1 to define the useful band, one finds
that this antenna bperates from f1.05 to f8,25’ which éives a bandwidth

of 1.82. The measured B~gnd H~-plane half-power beamwidths and the
direct1v1t§ are siown in Figure 85, The average directivity fren fLo’5

to fs 25 ‘is about 9.5 db, which just meets the requirement., A comparison

of measured and computed patterns for this antenna is shown in Figure 86.
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The LPD realized by the design procedure of Section 4.2.3

Figure 3.
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E-PLANE  H-PLANE
-~ COMPUTED ME}SURED

Figure 86. Computed and measured patterns of the dasign
model
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This antenna comes close to meeting the required specifications. The
agreement between the measured and design value of input impedance is about
what can be expected. However, tne agreement between the measured atd
design value of directivity is somewhat better than typical; an error
of less than 0.5 db is probably as good as can be expected,

0f course, the outlined procedure is only one of many, and variations
will become apparent to those who gain experience in the design of LP
antennas. The concept of bandwidth of the active region and its -application
are new, Heretofore specific bandwidth designs were determined by constructing
an antenna which was obviously longer than necessary; the required operating
bandwidth was then obtained by a cut-and~try procedure. The graphs and
nomograms are particularly useful because they allow one to-achieve many
.preliminary designs without resorting to tedious computations,

4.3 Some Novel Variations in the Log-Periodic Design

The fact that the radiating portion of an LPD at any given frequency
is confined tc a relatively few elements and is independent of the ld¢cation
of the front or back truncation leads to some novel departures 2vom the
true log-periodic forms. If it 1s desired to operate over two or more
separate bands, or if part of a band contains "non-interesting" frequencies,
the solution 18 to-eliminate the elements that form the active region at
the unwanted frequencies, Tnis amounts to connecting two or more LPD
antennas in cascade, Figure 87 shows one such exemple. If the input
impedance 18 to remain the same over both bands, the two sections should
have the zame T and O, This means that the apices of -each section will
be different. In the one model constructed according to the scheme -of

Figure %7, it was found that the presence of Section 2 lowered the low
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frequency cut-off of Section 1, The high frequency cut-off of Section 2
was extended scmewhat by the proximity of Section 1. The mid-band palterns
of each section were characteristic of what would be observed with each
antenpa operating by itself,

There also exists the possibility of tailoring the directivity
characteristic such that the patterns are frequency dependent in a special
way. This would require that T and ¢ or both be a function of position,

In this case 0[ should be held constant to achieve a frequency indepzndent
input impedance. Tne above 1dea was applied to one¢ model in which g was

fixed at 250. The spacing between all elements was a consta.nt, one-half

inch, O varied along the antenna from-0,022 to 0,088, The measured
directivity increased with frequency from 5 to 8,5 db, then decreased to 7.5 db.

A high quality dielectric material can be used between the elements
as well as in the feeder configuration. The model pictured in Figure 88
was constructed. from 0.06255doub1e copper-clad ‘Rexolite using printed
circuit teciiniques, Tts paraheters are T = 0.92, 0= 0,08, and N = 23,

The equivalent h/a is 138 and Zo is approximately 105 ohms. Examvles

of the meagured patterns are shown in Figures 89 and 90, The directivity
is 8.5 db-over the band, The patterus developed scallops at the highest
frequency fls,vwhich was 4450 mes, The measured cross polarization was
negligible,

The phase rotation phenomenun hﬁs been used in the design of a
frequency independent antenna whose beam is circularly polarized on the
axis. I'n this case two LPD antennas are interleaved along a common axis
with the elements of one antenna perpendicular to the other. One antenna

is also expanded with respect to the other to achieve the 90° phase shift,




An LPD antenna etched from double copper-clad Rexolite
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Figure 88.
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Since the phase shift is independent of frequency, the pattern remains

circularly polarized over the operating bund,
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5, CONCLUSION

The object of this research wus to provide u mathematical model of
the log-periodic dipole antenna, The model was to be general enough td

lend insight into the operation of log-periodic antonnas, and capable of

being used as a design tool. The model described herein was shown to fulfill

these objectives,

In this researcn the known properties of dipole antennas werc used to
determine the self and mutual impedances in a log~periodic array of dipoles,
The properties of the divpoles were described by an impedance matrix which
relates the voltage and current at the base of each dipole, A feeder
system, which determines the relative excitation of each element, was
also described by an impedance matrix. The feeder and element circuits
were joined, and the voltage and current st the Lase of each dipole element
were found, From these quantities the input impedance and properties of
the radiated field were determined.

It was shown that ihree regions exist on a frequency independent

iog-periodic dipole antenna: the transmission region, the active region,

and the unexcited region. The transmission region was shown to be equivalent

to a section-of uniform transmission line, and the characteristic impedance
and propagation coistont of this line were determined. The active reglon
was shown to consist of sSeveral ovlements of approximately half-wavelangth
dimensions on which the current amplitude is considerably greater than

thet on the remaining elements, Th' - agnitude and phase 6f the currents

in the activs rggiqn determines the caaracteristic pattern of the LPD, and

it was shown that the phase progression from evlement to elerent in the
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active region was that required to produce the backward wave which is
charactertistic of ull LP antennas, The low input standing wave ratio
indicates that tne active region presents a good match to the transmission
region, In the unexcited reglon, it was shown that in most cases a
negligible amount of power remains on the feeder beyond the active region,
and that the current in the elementc that are longer than a half-wave-
.ength is very small, For these reasons the truncation at the large end of
the antenna has no effect for all frequencies within the opsrating tand.

The bandwidth and location of the active regic.. were defined, and
these quantities were used to determine the size of an antenna which covers
a given frequency band, The relations between the observed characteristics
of the antenna, directive gain, input impedance, and location of the phase
center, and the antenna parameters were shown, A design procedure was
outlined whereby the physical dimensions of a log-periodic dipole antenna
which meets given electrical specifications can be determined. The good
agreement between measured and computed results reaffirmed once again the
validity of certain engineering approximations that have been used since
the beginning of antenna analysis. They are, thc assumption of a sin-
usoidal current distribution aleng straight conductors of small cross-
section, and the applicability of circuit -theory coucepts to certain parts
of an antenna structure that are small compared tc wavelength.

This is the first time a digital computer has been used by the Antenna
Laboratory to simulate and test a complicated antenna model. The successful
results of this study indicate the possibility of utilizing the computer in
even more complex problems. It is estimated that at least seven man-days

would be needed to buiid a model and perform the measurements which the
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computer has rdone in a matter of minutes, On the other hand, this work -

also illustrates one drawback in using & computer for experimental research.

That is, sach model tested represents a '"new" problem to the computer,

so a large mass of data must be collected to establish a trend. Perhaps

a more sophisticated computer program could provide some data processing

Fomennd

and interpolation, but in the end the utility of the results depends on the

ability of the researcher to draw conclusions from them, This is not as

formed

easy as it may seem, Because of past training and experience, the rescarcher

i‘»!

has certain prejudices that favor analysis of mathemutical equations and

not computed data, However, once these prejudices are set aside, one will

frmaad

f£ind many new areas of rasearch in which modern day computers can play

increasingly important roles,
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APPENDIX A

COMPUTATIONAL CONSIDERATIONS

This section describes several parts of the computer program for the
solution of the equations of Section 2, The expansions used to evaluate
the sine~ and cosine-integral functions are given in detail, and the
me .hod used to solve the system of linear equations is outlined.

Since the accuracy of ‘the over-all program depends on the accuracy
of the several parts, care was taken to avoid programming blunders which
lead to accumulated round-off errors, Each section of the program was
checked by special test routines und compared with calculations performed
on a desk calculator bsfore being incorporated into the whole, In general,
priority was placed on accuracy rather than computational spaed, and
standard ILLIAC library routines were used wlierever possible.

A.1 The Cosine~ and Sine-Integral Functions

The cosirne-integral and sine-integral functions are detinqunsz4

[ ]
Cilx) = - I 9-9-5—-9-du (98)
X
and
X
81(x) = f ﬂ:}—u-"du , (99)
o]

Two distinct methods were used to compute E(x) = Ci(x) + J 81(x). For
0 < x < 6 a series expansion was used, For x > 6 a continued fraction
expansion was used, The crossover point x =6 was determined by the
computer time required to achileve 8 or 9 accurate significant digits, using
either method. A plot of computer time vs, x is shown in Figuve 91, The

crossover point x = 6 was chosen from this plot. Tho series representations
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used were25
w0 (_1)nx2n
Ci(x) =C +In(x) + & ot (100)
=l (2n){ 2n
where C = 0,57721 1s Euler's constant, and
w n.2n+ 1
(-1} x
S1 =5 TmsDIG+ D (o1

Boch the above series are uniformly convergent for all finite values of x,
The convergence of these series- is slow, and the number of terms required
for a given accuracy increases with x. Fifteen terms were required for
eight place accuracy with x equal to-6. However the terms of the -series

are monotonically decreasing and alternating in sign, so the error involved
in using n terms is numerically less than the n + 1st term. This fact
allows one to compute until a given accuracy is attained, und this

advantage outweighs the fact that the convergence is slow, The two

series of Equations 100 and 101 were computed together as

n

®
K(x) = € +2n(x) E (%)

nln . (102)

To find the continued fraction expansion for -K(x) observe that

K(x) = Ci(x) + JSi(x) = BL(J%) + 4.3 (103)
where
[+ o] e_u
-Bi(~2) = I T du , (104)
Z

As a function of the complex variable z, Ei(~z) has a logarithmic branch
j0
point at z = 0, therefore the argument z =|z| e 1s restricted such that

-7 < 0 <7 A continued fraction exp.nsion exists for (104),26
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o .
z e 1 1 1 2 2 3
¢ f u du'z+T+E+1+E§.T+... (105)
Z
By means of an equivalence transformation (105) can be rewritten
P
2 e 1 1 1 1 1 1 1
- == = = = = =z = 10
¢ fu M 4 T+z+TezeT 424 .0 (106)
z 2 3

This is a continued fraction of Stieltjes. The general form of the Stieltjes

continued fraction is

101 11 11
T T AT AT AT 4 (107)
Kz +k, +kz 4k + K2+ ko + .

The continued fraction (107) is uniformly convergent in the cut z-plane due
to the fundamental convergence theorem of Stieltjes, which states that if
the kp are positive constants and the series I kp diverges the continued
fraction is uniformly converg “nt over every finite closed domain of z whose
distance from the negative half of the real axis is positive, and its

value is an analytic function of z for all z not on the negative half of
tye real axis, Therefore K(x) may he computed from (106). By means of

another equivalence transformation,

7. ¥ 1
K = Joem bk —m b e (10
(x) J"‘-+Jx GO {108)
where
F(4x) = 1 - l/ix ) l/ix ) z/ix ) 2/ix -3/ix (109)
The pth approximate of F, Ap/Bp, is given by the fundamental recurrence
formulas:
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Ap + 1 bp + 1 Ap + ap +17p~1
(110)
B 150 1Bt 1B
with
A,=1,B,=0,A =b,B =1, (111)
and
ap = e ;xl)/zi p= 1:3)5: Ty
a =‘-§§, P =2,4,6, *+°, (112)
bp =1,

The fundamental recurrence formvlas allow one to compute the successive
approximates of F rather than start with a given p and rationalize ?p.
In the ILLIAC program for the cvontinued :fraction expansion of K(x), it
was found that nine place accuracy for Ci(x) or Si(x), whichever was larger,
was achieved when

Ap Ao -9

B 1B = ’
p p-1

(113)

for x > 1.5, The number of iterations required rarged from 73 for x = 1.5
to 15 for x = 9.

The subroutine for K(x) was programmed to test x to determine the type
of expansion to use and then to compute K(x) to nine sigificant digits. It
is worthy of note that continued fraction expansions exist for many trans-

cendental functions, some of which are given by Walfﬁ and that in certain

cases the continued fraction is more rapidly convergent than the corresponding

series expansion,
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A.2 Matrix Cperations

The program which computes T = (U + YFEA) was straightforward. - The prime
difficulty in this case is the systematic addressing of the storage locatlions
of the matrix elements,

The solution of

I=T IA (114)

employs the upper triangularization and back-substitution met%od. The
steps in this method are as follows. Fivst the augnented matrix T; is

set up, using T and T.

oY Bty C o4
ta taz Py Tyt i,
T = ’ (115)
a
ot TPy T I
Here the tiJ's are the elements of T and the ii's are the elements of I,
Ta is a matrix which represents the equation
T IA -i=0 |, (116)

By the elementary determinate operations, ?a can ‘be upper triangularized,

yielding

_ ., , -
oty 83T N

/ ¢
W 0 1 Tt

T8= — e e e " (11%)
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i,, 1 y - +++ can be successively determined by a series of back-
A A A
N N-1 N-2
substitutions,
i {
Ay - N, N+1
(118)
i t/ t/ i
Av1 N-1, N+l N-1, N "A,

Several test matrices were employed to check the accuracy of this
part of the program. It was found -that nine significant digit accuracy
wag preserved in solving equations- in four unkpowns. Nine significant
digits 1s the maximum accuracy that can be obtained using the ILLIAC in
the floating-peint mode. It was expected that the accuracy decreased
as the number of equations increased, However, a sample calculation of
an eight element antenna using the entire LPD analysis program, agreed
in the first five significant digits with the computations performed on

a desk calculator {which, incidently, took three wescks to perform).
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APPENDIX B

MEASUREMENT CONSIDERATIONS

This section discusses several types of measurements which were per-
formed in the experi@ental phas¢ of this research, The procedure used in
the measurement of the near field amplitude and phase will be considered
in detail, whéreas the input impedance, radiation pattern, and phase center
measurements will be given only summary remarks, Except for the near field
phase measurements standard techniques were used, and a majority of problems
that arose were concerned with the application of these techniques to the
particular antenna structures under investigation,

In any measurement involving log-periodic or log-spiral structures,
one is faced with the problem of obtaining « great amount of data over a
wide range of frequencies, if the frequency independence of the antenna
is to be confirmed. The large bandwidth (4:1 or greater) over which the
measurements must, be performed places certain requirements on the
experimental set-up a;d on the construction of the model, The experimental
set-up must be changed several times throughout the course of a measurement
because of the relatively narrow bandwidth of some testing equipment, This
means that certain pieces of equipment are operated under slightly differing
conditions, hence the set~up should provide for easy calibration and tuning.

Of equal importance is the actual fabrication of the model antenna,
Construction tolerance should be figured on the basis of the shortest Qave-
length of operation. Thus, to some extent, the size of the antenna is
determined vy the accuracy which can be maintained in the model shop. The
transverse dimensions of the feeder configuration of an LPD must remain small

compared to ths length of the shortest element, Nevertheless, the minimum
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diameter of the feeder members is limited by the size of the internal
feed coax. This again places a limit on the size of the antenna and the
range of useful testing frequencies,

The above requirements led to the choice of the 100 mcs to 400 mcs
range for the models used for impedance and near field measurements. A
picture of one of the impedance models is shown in Figure 92, The feeder
diameter was 0,420 inches, just large enough to accommodate the teflon dielectric
RG-115 A/U coaxial cable which was chosen for its low loss and excellent
uniformity. The pattern models were built for the 500 mes to 2000 mes range,
the low frequency limit being dictated by the antenna pattern range facilities,

B.1 Near Field Measurements

The near field measurcments counsisted of determining the amplitude and
phase of the voltage between the feeder conductors and the current into each
dipole element. The voltage between the feeder conductors was found by
measuring the signal received by a small probe antenna as pictured in Figure
93. The coax which energizes the antenna model runs t.rough one of the hollow
feeders. The other feedesr member is equipped with a milled slot which
guides the probe assembly throughout the length of the antenna. The probe
is connected to a length of RG 58/U coaxial cable which is contained in a
thin walled tube, The end of the tube opposite the probe assembly is fitted
with a pointer which moves aloug the length of a rule, permitting accurate

The input impedance of the antenna

(YN

and repeatable positioning of the probe,
was found to change 1.4% as the position of the probe was changed from the
front of the antenna to the back, This is due to a small change in the

feeder impedance owing to the presence of the milled slot. The variation
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of the neasured data was found to be independent of the length ot the probe,
which was varied from one eight to one quarter tuneh,

The measurement of the dipole element current was accomplished by the
loop probe shown in Figure 94. The loop was designed to rieasure the
magnetic field encircling the dipole, and was located as close to the base
of the dipole as possible, Many difficulties were encountered in the selection
of the proper loop size, spacing, and location. Shiclding was necessary,
as indicated by initial results with an anshielded loop. However, a
completely shielded loop could not be constructed small and accurately,
because there was no space to extend the pick-up coax through the guide
assembly. The partially shielded loop in Figure 94 was selected as a
comprom.se., The figure 2iso shows the delectric disk which encloses the
loop. This device was used to accurately position the loop at a constant
d.stance from the dipole and in a plare containing the dipole element and
the loop. The diameter of the loop and the dielectric was chosen such that
a minimum amount of transverse motion was required in going from an element
connected to one feeder to an element connected to the other. The configuration
shown in Figure 94 was found to yield repeatable results aithough effects
of undesired field components were never entirecly eliminated. The largest
extraneous component was thought to be due to the proximity of the current
on the neighboring dipoles., It was estimated that this component was
down at least 15 db from the desired component. The agreement between
measured and computed results of the element current is therefore not
as good as that of the feeder voltage,

B.1.1 Amplitude Measurements

A block diagram of the ciicuit used for the amplitude measurements is
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shown in Figure 95, The filtered output of the square wave modulated power
oscillator is delivered to the antenna through a double stub tuner, whicb
was adjusted for maximum signal to the probe. The square law detected out-
put of the tuned probe is displayed on a SWR amplifier, peak tuned to the
modulation frequency of 1000 cps. In performing the measurement, the
probe was moved back and forth until the location of maximum signal was
found., This point was taken as the 0 db reference, A readirg wax tuken
every centimeter throughout the length of the anterna. A power output
from the oscjllator on the order of several watts was required for a
dynamic range of 40 db above noise.

B.1.2 Phase Measurements

The phase measuving circuit is diagrammed in Figure 96. The principal
features are the hybrii junction and the balanced input adapter, The
measurement theory is as follows: A CW reference signal, whose phase can
be adjusted by means of the slotted se:tion and line stretcher, is injected
into the series arm (4) of the hybrid junction., The modulated test signal
feeds the shunt arm (3). The RF phasor sum of these signals is impressed
across the lcad connected to output (1) and the phasor difference appears
at output (2). The balanced input adapter takes the audio difference of
these detected signals from the hybrid junction and also provides the bias
voltage for the bolometers. As shown in Figure 97, a sharp null is observed
at the output of the balanced adapter when the reference signal is 90o out
of phase with the test signal., Figure 97 compares the phasor relations and
the nulls obtained of the balanced detection method and the single detection
method. In the latter method only the difference channel would be used; the

null is obtained when the reference and test signals are in phase, provided
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SINGLE DETECTION
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Phasor rclations and the nulls obtaired for values of
o I/IERI for two methods of measuring relative =hase.
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hoth sigrals have equal amplitude. Since the amplitude of the test signal
varies, this method wou'd require a precision variable attenuator calibrated
for amplitude and phase., The advantage of the balanced detection system is
ﬁhat a well defined null is obtained even when the test and reference signals
ére of unequal amplitude, However a 180° ambiguity exists in the balanced
?Qtection method, This can be resolved by carefully following the incremental
pﬁase shift as the probe is moved away from the reference position.

For phase measurements the probe signal, rather than the oscillatox

i5 modulated. This results in a sharper null than'wculd otherwise be obtained.

Even though the unmodulated referetice signai, which may be larger than the

test signal, is present at the detectors, the result is only a DC component
of current to the transformer, The only error from the reference signal

is due to leak-through in the hybrid Junétion. This is negligitle; in
commeycially available instrument hybrids the decoupling is on the urder

of 50 db,

The experimental set-up for the near field phase measurements is shown
in Figure 98. All the equipment was mounted on a bench whigh could be rolled
up to a second story window in the Antenna Laboratory, in order for the
model under test to look into an uncluttered environment. The most predominaut
feature In the picture is the take-up reel for the cable which js connected
to the prvobe. In the phase measurements it is important that the flexing
of the (able be controlled and held to a minimum; the take-up reel serves
this purpose.

The following procedure was carried out to balance the hybrid circuit
aftevr each change of frequency, Refer to Figure 96. The connection at

terminal (4) is broken and replaced with a matched load. The bias to
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each bolumeter was adjusted to 8.75 ma. One bolome:er was then disconnected
and the balancing potentiometer was adjusted for maximum output., The
tuning stubs throughout the circuit were then tuned for maximum output.

The other bolometer was reconnected and the first was disconrected, The
balancing potentiometer was again adjusted for maximum output, and only

the stubs associated with the operative bolometer were tuned, the others

were left as previously adjusted. With both bolometers connected, the
balancing potentiometer was adjusted to null the signal, This step had

the effect of balancing out any leak-through component of the test signal;

it also equalized any residual unbalance which might have existod between

the two bolometers. The slotted line was reconnected, completing the tune-up
procedure,

The probe was positioned at a chosen point and the phase cf the reference
signal was changed to obtain a null, This was repeated every centimeter
along the feeder of the antenna. By recording the phase change introduced
by the slotted line, the relative phase of the test signal was determined.

B.2 Impedance Measurenments

The input impedance cof the LPD models was determined hy the SWR and
null shift method., The set-up incorporated a PRD standing wave indicator
or alternatively a HP slotted line, and a tuned amplifier using a bolometar
detector,

The short circuit reference plane fcr the impedance measurements was
taken at the front of the antenna, as shown in Figure 99. This choice or
a reference plane lumps Lhe gap or terminal impedance in with the antenna
impedance. For this reason, extra care was taken in the construction of

the feed region. After several trials it was found that the feed region
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REFERENCE PLANE
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Figure 99, Details of the symmetrical feed point, showing the

refarence plane for impedance measurements
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configuration shewn in Figure 99 was best from the standpoint of introducing
a minimum unbalanced curreat component and a minimum gap reactance. Ideally,
the reference measurement should be made at every frequency, just before or
after the co.responding ijoad measurement. This was not done because of
the large number of test frequencies involved and because of the uncertainty
in reconstructing an identical feed configuration'each time. Instead, the
electrical length of the coax from the referegtice plane to a reference on
the measuring device was determined for all the f ‘equencies wgthin the band,
prior to taking the load measurements. Several lengths of cable were tested;

the one which yielded the most uniform results was used.

B.3 Far Field Measurements

The radiation patterns of the LPD mode?s were reccrded by the commercially
equimed University of Illinois Antenna Laboratory patcern raage facilities.
The tower and ap LPD model are pictured in Figure 100, Using a bolometer
as the square law detector, the system was found to have a iinear dynamic
range of greater than 20 db, Since the LPD models tested had an operating
bandwidth of 3:1 or greater, interference from other sources operating
within this band sometimes presented a problem. Except for the signal
from an S-band radar that was 250 yards away, the interference problem was
ciiminated by filtering and tuning techniques,

The phase center measurements werc accempliched using the halancsd
detector shown in Figur; 96, except that the model under test assumed the
role of the probe antenna. The test model was mounted on a tower in such
a way that the axis of rotation could ke moved toward or away from the

transmitting antenna. The relative phise of the received signal was plotted

as a function of the azimuth angle over the range + 40 degrees from the dead
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ahead position, The center of rotation of the mudel was varied from one
plot to the next until a position was found such that the phase was most
nearly constant over the range of the azimuth angle. The boresight and
positioning accuracy was such that the location of the phase center could
be determined within an error of + 0.125 inch, which was about 0,01 N at

the testing frequencies.,
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